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ABSTRACT 


This investigation was established in an attempt 
to determine more rational web slenderness limitations for 
non-compact beam=-columns. The present limits, as set forth 
in the CSA S16.1 and $16.2 Standards, distinguish between 
compact and non-compact cross-sections only in the range of 
beam-column design of 0O << P/Py < 0.15. This results ina 
limit which is too conservative, as non-compact sections are 
not required to deform to the same extent as compact 


sections. 


The results of six beam-column tests, along with 
the test results from another investigation on non-compact 
beams are presented. Utilizing these results, this study 
indicates a safe limit to which the web slenderness 


limitation for non-compact beam=-columns may be raised. 
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CHAPTER I 


INTRODUCTION 


-1 General 


According to the Canadian Standards Association 
Specification S16-1969C1), members subjected to combined 
axial load and bending moment (beam-columns), are classified 
as either non-compact, compact, or suitable for plastic 
design. The web and flange slenderness limitations set forth 
in the standard have been chosen so that a non-compact 
section can just reach the yield moment, a compact section 
can just reach the plastic moment, and a section suitable 
for plastic design can both reach the plastic moment and 
undergo sufficient rotation so that the moments can be 
redistributed before local buckling occurs. These re- 


quirements are shown in Figure 1.1. 


Tt has been well established that the critical 
buckling stress of a plate loaded in uniform edge compres= 


sion is a function of its width-to-thickness ratio‘@), 


cae ee ee ee ee ee ee Se ee ee 


It follows, therefore, that the flange and web plate 
components of a beam or a beam=column must become progres- 
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Sively stockier in order that buckling be precluded as the 
deformation demands on the cross-section increase. Thus, in 
order to prevent the possibility of local buckling, the 
limiting flange and web slenderness ratios must be decreased 
for a given grade of steel as the member classification goes 


from non-compact to compact to plastic design. 


e 


Deformation requirements increase also as the 
yield strength of the material increases. More member defor- 
mation is required to develop the higher critical buckling 
stress. As a result, the critical plate slenderness ratios 
for higher strength steels must be less than those for lower 
strength steels. The present CSA requirements take this into 


account, (Figures 1.2 and 1.3). 


The CSA S16=1969 Standard established one set of 
critical web slenderness limitations for all three classifi- 
cations: non-compact, compact, and suitable for plastic 
design. The only difference in design was that non-compact 
sections involve a factor of safety against reaching the 
yield moment (reduced for axial load) and the compact and 
suitable for plastic design sections involve a factor of 
safety against reaching the plastic moment (reduced for 
axial load). If the stipulated web slenderness limitation 


was satisfactory for plastically designed members, then it 
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must be conservative for compact members, and even more con- 
servative for non-compact members where the deformation and 


strength requirements are less severe, 


According to the web slenderness limits in CSA 
S16-1969, for values of P/Py (ratio of actual load to yield 
load) less than 0.28, the critical web slenderness ratio for 
a beam=-column is linearly reduced as the applied axial load 
increases. For all values of P/Py greater than or equal to 
0.28, the critical web slenderness ratio is constant for a 


given grade of steel. This is illustrated in Figure 1.3. 


Both the CSA S$16=-1969 Standard and the American 
Institute of Steel Construction Specification‘3) have based 
their web sienderness limitations primarily on a series of 
tests conducted by Haaijer*) in 1956 on stub columns and 
short beam specimens of ASTM=-A7 steel. In only three of the 
tests was failure associated with web buckling, and each of 


these occurred in the stub column (pure compresion) tests. 


Recently, Perlynn and Kulak‘S) have shown that a 
substantial relaxation of the web slenderness requirements 
can safely be implemented for compact beam-columns, and 
their recommendations for both nonecompact and compact 
beam-columns have been introduced into the CSA Standard 
S$16.1€6) on limit states design and $16.27) on working 


stress design (Figure 1.3). 
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3_Objectives of the Research Proposal 
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The objectives of this investigation 


To examine the present and proposed web slen- 
derness limitations for non-compact beam- 
columns by means of a_e suitable testing 
program, 

To examine existing theories, and to develop, 
if necessary, additional theories to ade- 
quately describe the behaviour of web plate 
buckling under combined axial load and 
bending, 

To suggest revisions for the web slenderness 
limitations for non-compact beam-columns, if 


appropriate. 
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MOMENT-ROTATION BEHAVIOUR OF BEAM=COLUMNS 
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PRESENT CSA $16-1969 FLANGE SLENDERNESS REQUIREMENTS 
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PRESENT WEB SLENDERNESS REQUIREMENTS 
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CHAPTER II 


LITERATURE SURVEY 


2.1 Previous Investigations 


a ce ee ee ee Se SS es eee 


Comparatively only a small amount of research has 
been conducted into the problem of web buckling in 
beam=columns. Although buckling problems in general have 
been investigated over a long period of time, and plate 
buckling problems for the past half-century, it is only re= 
latively recently that web buckling problems have been 


examined. 


From the following fourth-order partial 


differential equation: 


2 
of0 et o2 9 4u sot osu =y~wOx, osu (251) 
ox* 9x2 oy2 oy * D ox” 


TimoshenkoC2) derived the solution for the critical buckling 
stress in an isotropic simply-supported flat rectangular 
plate acting elastically under uniform edge loading in the 


longitudinal direction: 


Cyr = K 72 _ E (2.2) 


42 (1 — v2) (h/w)2 
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where: “cr= elastic critical buckling 
stress, 
E = Young's modulus, 
Vv = Poisson's ratio, 
h = width of plate, 
w = thickness of plate, 
PDH e EZ (=e), 
K = plate buckling coefficient. 


The plate buckling coefficient, "K", was introduced into the 
equation to account for various ratios of length to width 
(the aspect ratio). Timoshenko showed that the minimum cri- 
tical buckling stress for a plate simply-supported on all 
four sides could be found using K = 4.90 in Equation 2.2. 


This he showed to be valid for all length-to-width ratios. 


This major development by Timoshenko opened the 
field of plate buckling to investigation by others. Of the 
many plate buckling models developed, some are concerned 
with plates subjected to loading conditions similar to those 
which web plates in a wide-flange member are required to 
withstand. The following two investigators have written 


comprehensive reviews: 


Bleich(8) reviewed the literature dealing with 
elastic plate buckling under various edge support 


conditions, including the effects of various types of 
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stiffeners. He also developed a method whereby inelastic 
plate buckling could be accounted for by varying the 
effective modulus of elasticity in the strain-hardening 


range. 


McGuire€9) reviewed both elastic and inelastic 
plate buckling for plates by themselves and for plates 
making up various types of structural members. The 
differences between various codes and theories are also il- 


lustrated. 


2 Development of the CSA S$16-1969 Code Requirements 
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It was not until 1956 that a specific study into 
inelastic plate buckling was carried out‘*). Prior to this 
it was generally accepted that when the yield stress of the 
Material was reached, the element (column or plate) would 
buckle(109), Haaijer‘*? investigated both flange and web 
plate buckling, accounting for both the inelastic behaviour 
of the material and the restraint against rotation provided 
at the web-to-flange junction, Good correlation was found to 
exist between Haaijer's web buckling theory and the results 
of his pure bending and pure compression tests on ASTM-A7 
steel (° y=33ksi) wide=-flange shapes. Some of the pure com= 
pression tests established that both web and flange plates 
were capable of reaching strain-hardening before the 


occurrence of buckling. Haaijer did not, however, consider 
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the effects of residual stresses or the combined loading of 


in-plane bending and axial compression on web plates. 


In 1958, Haaijer and Thurlimann‘19) proposed a 
plate buckling relationship (Figure 2.1) which included an 
empirical transition curve for the inelastic range between 
the proportional limit and the point of strain-hardening. 
For prediction of web buckling, they also developed a web 
plate buckling equation based on Timoshenko's elastic plate 
buckling equation (Equation 2.2) for combined axial compres= 


sion and in-plane bending. The result was an expression: 


Of =eah e124 yal lesaye) (2.3) 
TW KE . 
where: a = plate buckling modulus, 
Pele wecr 
a2 Oy 
oO 


cr= elastic critical buckling 
stress, 
y = yield strength 
of the material, 
K = plate buckling coefficient 
for a fully-plastified 


wide-flange section. 


They used this modified "K", the plate buckling coefficient, 
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to account for inelastic plate behaviour, and showed that 
this procedure adequately described their three test results 


of failure due to web buckling in stub columns. 


For a member that may be required to deforn 
plastically, the following assumptions were made to develop 


a web buckling curve for design purposes: 


1. A/Aw=2.0 (ratio of total area of wide-flange 
section to total area of web) 

2. hy/h=1.05 (ratio of total depth of wide-flange 
to clear depth of web) 

3. &msEy=4.0 (ratio of maximum strain in compression 


flange to yield strain) 


Using these assumptions (taken as valid for an 
average wide-flange section), it followed that the neutral 
axis in a beamecolumn subjected to Mpc (plastic moment 
reduced for axial load) and P/Py=0.28, would have just 
reached the tension flange. Thus the whole web would be in 


compression, but not necessarily in uniform compression. 


A theoretical design curve was first established, 
then approximated by two straight lines. The design curve 
has since been modified to make the web slenderness limita- 
tions applicable to steels of various yield strengths, and 


it is this representation that forms the basis for the AISC 


, 


Spm Sapo eli cages bo, a tet} §050aNe 28) 

\ Mi 30 o03% Aer op neadaiat moe r 

gspieifewsty ta, agqsh Jaros to os3 K2) 20.ragil ot 
Ate To MWep  IsyES (ot 

ee letoagmos rt? wherte nugieee ab okyet) PU cat ie rs 

jatgatn) G1 0%, ot opaek? | 


he Got fifad an. deted) sentaqueens) ceeds -pnden 
laztved.. ad - tnd: hein {ot, 3b | (hose apaableohrw 
$qameo olte'yiq} son kedostdns nevtoo-eeet 6 wk 5 : 
Heb: wad. nigow 2, ,080¢\" bas (feel folea abd van 
Od o4 Sane ie afady id! Sel” Lepasit acheass was 
evbisoligaos GIOTEh as Lkisrundses tan Ao, noteasremeD vy 


7 
ae 
: 


 eliedightdatne sau? ein fvtes vol-al tiotesxceds A 
Horedt oMt apumel Gaytests ows rH Sasnmkxerqys ann 
ssiopersiniie dav et) adew 09 tottibon aod odie w i? 
. area to ninate ot witedltogs, “a . i 
“Wy wiesor thay phe pes noanagen male 424 


te 


Specification and CSA $16=-1969; and also CSA S16.1 and S16.2 


for plastic design sections. Figure 1.3 shows this limit. 


It should be noted that no tests on specimens sub= 
jected to combined axial load and bending were done by 
Haaijer and Thurlimann, hence the theory was not 


experimentally verified for this mode of loading. 


2.3 Recent Code Revisions 


Se ee a ee Se ee 


By conducting tests on nine beam=-column specimens 
under different combinations of axial load and moment, 
Sees and Kulak¢€S)? have shown that the previously-used web 
Slenderness limitations1,3) for compact beam-columns were 
too conservative. For their tests, they chose flanges which 
just met the S$16-1969 requirements for compact flanges 
(Figure 1.2). By testing specimens with this flange 
proportion, it was known that if the flange buckled, the web 
was too stocky to be on the limit of web slenderness for a 
compact section. Similarly if the web buckled, it was too 
slender. By testing more than one specimen at each value of 
P/Py, they were able to determine quite closely where the 
limit would be when the flange and web would buckle 
simultaneously at the various P/Py ratios. This limit would 
then be the maximum web slenderness a Compact beam-column 
should have in order to guarantee web buckling will not 


occur before flange buckling. 
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Perlynn and Kulak, however, were not able to sa- 
tisfactorily correlate their results with Haaijer and 
Thurlimann's web buckling theory. Consequently, they devel- 
oped two methods for predicting web buckling. In these, the 
effects of reasonable assumed residual stresses were 
included. Comparison between their methods and the results 
from three other testing programs (including Haaijer's) 
showed both methods capable of giving valid predictions of 


the occurrence of web buckling. 


Using the limit of simultaneous web and flange 
failure which they established experimentally, Perlynn and 
Kulak developed a theoretical limit for maximum web slender- 
ness ratios as a function of P/Py for compact beam=-colunmns. 


The equation for the curve is: 


bvVE yeas 2 0 bv eO4G95 (P/Py).0 45% (2.4) 
W 2 
where: P = axial load, 


Py= yield load of section, 
Fy= yield stress of material, 
h = clear web height, 


w = web thickness. 
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This theoretical limit was then approximated for 


design purposes by a bi-linear expression: 
(ayenOmel/ Py S245 
ali = 520 [1 - 1.28(P/Py) ] 
(D) a esPOLAP/PY: > 06.15 


VFy = 450 [1 - 0.43(P/Py) ] 


These expressions have been incorporated into the 
CSA Standard $16.1 on limit states design and $16.2 on work= 
ing stress design. Using the results of a testing program of 
non-compact beams(!1), Perlynn and Kulak have also recommen- 
ded the following bi-linear approximation to be used for the 


design of non-compact beam=columns: 
(a) For P/Py < 0.15 

hyPy =1690) (91 =<92.60 (P72 y)s) 

W 


(b) For P/Py > 0.15 


/Fy = 450 (1 - 0.43(P/Py) J 
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where hvFy = 690 was found to be a reasonable web slender= 
ness Terie for non-compact beams, This bi-linear approx- 
imation is different from that for compact beam=-columns only 
Inpethe, region 0 <9 P/Py =< 0.15. It was “felt that since 
non-compact beam=columns do not have to undergo the same 
degree of deformation as compact beam=-columns, a safe ap= 
proximation would be to linearly reduce the slenderness 
limit from hVFY = 690 at P/Py = 0 to the junction of the 
linear eCray ieee oee for compact members at P/Py = 0.15. 
Fou WARK E Be (05 tiers the web slenderness limitation for 
non-compact members was set at the same value as those for 
compact members pending a study into the possible limit to 


which the web slenderness of non=compact beam-columns may be 


raised. Figure 1.3 illustrates this approximation. 
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CHAPTER III 


EXPERIMENTAL PROGRAM 


For the purpose of examining the present 
hon-compact web slenderness limitations (Figure 1.3), a 
total of six wide-flange specimens subjected to combined 
axial load and moment were tested. A flange shape common to 
all the specimens was established that just met the 
noncompact limitation of the CSA Standard S16 
(i.e., b/2t = 100/ /Fy). The webs of all the specimens were 
more slender than that allowed by the present CSA 
Standards(6’?7) for non-compact members. The web depth (h) of 
the specimen was varied to produce the different web slen- 
derness ratios desired (Table 3.1). For the six specimens 
tested, all had similar cross-sectional shapes with webs of 


the same thickness (Figure 3.1). 


Tests were conducted at P/Py ratios of 0.15, 0.3, 
and 0.7 in order to obtain results representative of a wide 
range of beam=-column design. A second consideration was to 
have the P/Py ratios slightly different from those in 
Perlynn and Kulak's testing program. It was hoped that by 
doing this, nuge would be possible to gain further 
understanding of general beam-column behaviour when the 
results of both investigations were studied. Two tests were 
conducted at each ratio of P/Py. The location of the test 
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specimens relative to the various currently-used web slen- 
derness limits is indicated in Figure 3.2 and their design 


is discussed in Appendix I. 


It was felt that observation of the failure modes 
of the specimens would help to determine the web slenderness 
limit at which simultaneous web and flange buckling would 
occur. This limit would then be the maximum web slenderness 
that a non-compact beam-column could have in order to 
preclude local web buckling as the mode of member failure 


for loads up to the yield moment (reduced for axial load). 


3.2 Specimen Description 


The specimens were tested while simply-supported 
at their ends and with the moment applied by means of a 
concentrated load (P>) placed eccentrically (Figure 3.3). 
A second axial load (Pj) was applied in such a way as to 
uniformly load the specimen over its cross-section. Thus the 
total axial load (P) acting on the specimen was the sum of 
the two individual loads and the applied moment (M) was the 
product of the eccentric load (P>5) and its eccentricity  (e) 
from the centreline of the specimen. Because of the manner 
in which the concentrated loads were applied, the 
beam-column was essentially subjected to uniform compression 
and constant moment throughout its length, without the 


presence of shear. It was, therefore, theoretically possible 
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that buckling could occur at any point along the length of 
the specimen, Hine the strong-axis deflections became 
Significant during testing, however, the axial load acting 
through the deflection might increase the moment at 


mid=-height enough to initiate buckling at this location. 


The moment produced by the eccentrically placed 
concentrated load was transmitted to the beam=-column spec- 
imen ky means of reusable arms fabricated from back-to-back 
channels and cover plates. These arms were bolted to the cap 
plates at the ends of the specimens (Figure S53) lta was 
felt that the connection would be stronger than the spec- 
imen, and buckling would not occur at either end of the 
specimen because of the presence of the cap plate. The arms 
were designed to withstand the maximum moment (Specimen 1), 
and the maximum load P (Specimen 5). They were checked 
against premature failure in bending, shear, and web 
crippling. It was considered that potential lateral= 
torsional buckling of the specimen, and lateral buckling of 
the moment arms would be resisted because the eccentric load 
would be acting against any deflections caused by twisting 


of the specimen or moment arms. 


The webs of the specimens were fabricated from 1/4 
inch thick CSA G40.21 Grade 44W steel plate€!2). The flanges 
and webs had been designed on the basis of a yield stress of 
44 ksi, the nominal yield stress of G40.21 Grade 44W steel 


plate less than 1-1/2 in. thick. Because of supply problems, 
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it was decided to use a particular piece of plate of 
ASTM-A36C13) (Sy=36ksi) steel for the flanges on the basis 
of a mill report that the yield stress of this piece was 
approximately 44 ksi. The flanges of all the beam-colunn 
specimens had dimensions of 5/16in. by 9=1/2in., and all 
were fabricated from the same mill rolling in an effort to 
have constant material properties. The flange dimensions 
resulted ina width-to-thickness ratio of 15.20, which just 
meets the non-compact limitation of 15.08 as established by 
the CSA Standard S16 for 44 ksi yield strength steel. It was 
also specified that the individual web plates be all taken 


from the same piece. 


The clear length of the beam=-column was estab= 
lished at 45 inches. This length provided adequate room for 
the placement of required gauges and recording equipment. 
The clear length also provided sufficient span over which 
the local buckling could occur without being restricted by 
the boundary effects at the ends. However, the length was 
short enough to prevent premature overall member buckling 


about the strong axis during testing. 


To prevent member buckling about the weak axis, 
lateral bracing was provided for the tension and compression 
flanges of each of the beam-columns. A bracing arrangement 
based upon Watt's straight line mechanism(1!%) was attached 
by threaded pins welded at mid-height to the centreline of 


the flanges. This produced a short beam in the weak axis 
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direction which met the bracing requirements for plastic 


design. 


Although the lateral bracing prevented movement 
perpendicular to the weak axis, no other movement was 
restricted. The beam=column was, however, torsionally 
restrained at its mid-height by the manner in which the 
braces were attached. The bracing did not interfere with 
lateral movements perpendicular to the weak axis, nor did it 
interfere significantly with the local buckling of the 
flanges and webs. Since the beam-column itself was tor- 
Sionally stable, the torsional restraint offered by the 
bracing system was not expected to affect the test results. 
Perlynn and Kulak did note, however, with their similar 
testing arrangement, that because the threaded pins were 
welded at the mid-height of the specimen in the middle of 


the flange, the local buckle did not occur there‘5). 


The proportions of the beam-column test specimens, 


as received, are shown in Table 3.1. 


3.3 Test Arrangement 


The concentric concentrated load (P,) was applied 
using an MTS (Material Testing System 908.14) testing 
machine, ‘capable of applying 1400 kips in compression. The 


base and bottom loading surface of the testing machine is 
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fixed to the laboratory floor, while the cross head, which 
contains the hydraulic ram, is movable to accept specimens 
of various heights (Figure 3.4). The magnitudes of the con- 
centric load were measured from an electronic transducer 
connected to an oil pressure line located within the con=- 
pression head of the testing machine. The accuracy of this 


system of measurement is considered to be +0.5%. 


The eccentric load (P,) was applied using a hy= 
draulic centrehole jack rated at 120 kips maximum capacity 
(Figure 3.5). A 1-1/8 in. diameter high-strength steel rod, 
threaded at the ends, was bolted into place, passing upward 
through the upper arm and the centrehole jack and downward 
through the lower arm and a load cell capable of measuring 
up to 100 kips. With the centrehole jack applying a tensile 
load to the rod the resulting reactions tended to pull the 
arms towards each other. The effect not only created a 
Stable loading arrangement, but the beam=-column was further 


restrained against torsional buckling. 


Steel rockers were provided at reaction points of 
the concentric load (i.e., at the top and bottom of the 
specimen). These seven inch radius rockers acted as simple 
supports. The bottom rocker, fabricated to the shape of a 
half-cylinder, permitted rotations only about the strong 
axis of the beam-column. However, the top rocker, part of 
the compression head of the testing machine, had a ball and 


socket joint. This permitted rotations about both axes at 
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the top of the specimen. Weak axis rotations were not 


expected to be present. 


Steel rockers 1-1/2 in. thick and with a radius of 
curvature of 4-1/2 in. were provided at the reaction points 
of the eccentric load. These were drilled to provide passage 
of the tension rod and rotated about a line parallel to the 


strong axis of the beam=-column. 


As a result of the precautions taken as to the 
physical assembly, no overall instability problems of the 


setup were encountered during the testing progran. 


Rotations of the specimen were recorded by means 
of an apparatus consisting of two light channel sections 
securely clamped to small plates welded to the cap plates at 
the top and bottom of the specimen, where the specimen was 
bolted to the moment arms. Three rod-and=plunger type trans- 
ducers were placed between the channel sections. Two of 
these were mounted at 21 inches and 42 inches’ respectively 
from the centreline of the beam=-column. From the readings of 
these two transducers, an average rotation could be deter- 
mined. The third transducer was mounted co-incident with the 
beam=-column centreline and recorded the axial shortening due 
to the loads. This was applied as a correction to determine 


the actual rotations. 


Out-of=plane web and compression flange deflec- 


tions were measured using a device which was originally 
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developed to measure the depth of a stream bed ina 
hydraulics testing flume. This apparatus was modified so it 
would measure semi-automatically a series of web deflections 
on a predetermined grid size. This was done by means of a 
motorized trolley running along the tension flange which 
moved a depth-measuring probe over the flange and web of the 
specimen. The probe itself operates on optical principles 
and nothing physically touches the surface being monitored. 
This device is illustrated in Figure 3.6 in position to 
measure: onegvertical line ofewehe deflections ssflt)sistealso 
shown in Figure 3.7 in position to measure the compression 
flange deflections. This apparatus is discussed in greater 
detail in Appendix II. The compression flange deflection was 
measured about 1/2 in. from the outer edge of the flange. 
The accuracy of the readings taken by this device was 


considered to be about +0.002 inch. 


Since it was desired to keep the positions of the 
gridsfairly constant with respect to »the edges ,of the web 
(i.e., have each reading taken at the same place as the last 
time the apparatus measured the deflection at that grid 
point), it was decided to use the tension flange as datum 
for the measurements of web and compression flange deflec=- 
tions. Using the tension flange as datum would also give 
good measurements for the compression flange deflections as 
the readings would be automatically compensated for the 


effects of strong axis deflection and specimen rotation. 
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Using the tension flange as datun, however, loses its 
usefulness when the specimen'ts§ rotation (tension flange 
curvature) increases beyond a token amount, as when a buckle 
forms. When this occurs, the trolley following the tension 
flange would no longer be able to guide the probe device to 
the same grid locations for each set of readings. The de- 
flections were of interest only up to the point in the test 
where the buckle became visible. The readings were taken 
mainly to determine or predict whether the web or the flange 
buckled first, and the trolley was removed before the 


curvature of the tension flange became excessive. 


The strong axis deflections of the specimen were 
measured by six rod-and=-plunger type transducers (Figure 
3.5). Five of these were connected at. approximately equal 
increments along the 45 inch length of the specimen. Because 
the bottom rocker support, unlike the top one, tended to 
travel as it rotated, the sixth transducer was mounted so as 
to monitor its translation. These readings were taken in 
case the buckle appeared at mid-height of the specimen, so 


that Pe-A effects could be incorporated into the analysis. 


The strain distribution at the mid-height of the 
specimen was measured by means of a set of fourteen electric 
resistance strain gauges placed at the mid-height of the 
specimen (Figure 3.8). Four of these were placed on _ the 
inside Pe eee oe the flanges, 1-3/4 in. from the flange edges. 


Because some of the wheels of the trolley ran on the inside 
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of the flange, it was necessary to position the gauges this 
far from the edge of the flange. To obtain useful readings, 
all the gauges had to be the same distance from the edge of 
the flange. The remaining ten gauges were placed on the web, 
four 1-1/4 in. from the inside flange faces, and six at the 
three locations that divide the web into four equal 
increments. At each of the web locations, one gauge was 
placed on either side of the web in order to obtain an 
average reading. If web buckling was occurring at this 
location, (i.e., at the mid-height of the specimen) it would 
be noticed before any visual observation because of the 
marked increase in difference between the two strain 
readings. The four gauges closest to the inside flange faces 
were placed near the two positions along the web where the 


assumed residual strain distribution was zero. 


All measurements were recorded on a Data General 
Nova 2 minicomputer serving as a data acquisition device. 
The analog measurements were converted to digital readings 
by the minicomputer's analog=to-digital converter, and the 
- necessary data adjustments done at a later time on the 
minicomputer with prepared programs. The data was then 
transmitted via a tape device to the University of Alberta's 
main computer where the plots and other output were 
produced. The minicomputer made it possible to take many 
readings effortlessly, and hence very comprehensive web and 


flange deflection readings were taken during the tests. 
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Prior to testing, each specimen was whitewashed on 
the side not used for deflection measurements in order to 
aid in the observation of yield patterns. The other surfaces 
were painted flat white to enable the deflection apparatus 


to operate properly. 


Although the top and bottom ends of the specimen 
were to be prepared square and true, imperfections were 
considered inevitable. As a result, before a specimen could 
be tested, it had to be aligned(1!15), The specimen was first 
centered between the head of the testing machine and the 
floor roller. Alignment was then accomplished by loading the 
specimen concentrically to 4 kips, and then to 50 kips with 
the testing machine, and reading the four strain gauges 
mounted near the flange tips for each load. Care was taken 
not to exceed the proportional limit of the material and 
cause premature yielding. The minicomputer was programmed to 
calculate the net eccentricities in the two directions of 
the horizontal plane for each of the testing machine loads. 
To do this, it used the four flange strain gauge readings as 
well as some specimen properties. The specimen was then 
unloaded, and shims were placed between the head of the 
testing machine and the top Sterne specimen, such that the 


eccentricities were reduced to less than 0.25 in. from _ the 
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specimen cross-sectional centroid in both directions. 


Once the specimen had been aligned, the concentric 
load was reduced to 4 kips to hold the specimen in position 
and all initial readings were taken. At this point in the 


test, the deflection device was installed and initialized. 


To begin testing, the concentric load was applied 
in increments of approximately one-fifth of the total axial 
load P, with some readings taken after each increment. Upon 
reaching the total axial load P, moment application was 
started. Because the moment was applied by means of the 
eccentric load, an increase in moment was accompanied by an 
increase in eccentric load. To keep the total axial load 
constant, it was necessary to reduce the axial load applied 
by the testing machine by the same amount as the eccentric 
load was increased. The net effect was to apply moment to 
the specimen while the axial load remained constant. No 
attempt was made to lower the MTS load and increase the 
eccentric load simultaneously. This was not expected to 


affect the test results. 


After each increment, and while holding the loads 
constant, all deformations were allowed to stabilize before 
a set of readings was taken. When failure was imminent, 
however, it became difficult to maintain the eccentric load 
at the value desired. Hence it was allowed to drop off, and 


when the readings were stable, they were taken. The maximum 
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drop in a particular test was typically 2% of the maximum 
eccentric load, and hence was not expected to affect the 


readings significantly. 


Strain gauge, rotation meter, strong-axis 
deflection readings, and the load readings were taken every 
load increment. Web and flange deflection readings were 
taken at intervals depending upon the slope of the 
noment=rotation curve and the amount of load present at that 
increment. These readings were taken at least every third 
increment, and as failure was pending, they were taken more 
often. Throughout the test the behaviour of the specimen was 


monitored by plotting the mnoment-rotation relationship. 


Prior to the start of the beam=-column tests, two 
series of standard coupon tests were conducted to determine 
the material behaviour and strength. Eight coupon tests were 
performed on the flange plate material, and six were 
performed on the web plate material. These were done on 
pieces of plate supplied by the specimen fabricator and 
taken from the same rollings as the web and flange 


materials. 
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PROPORTIONS OF TEST SPECIMENS 
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DETAILS OF BEAM-COLUMN TEST SPECIMENS 
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DEFLECTION DEVICE MEASURING WEB 
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FIGURE 3 


DEFLECTION DEVICE MEASURING FLANGE 
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MOUNTING 


FIGURE 3.8 


OF STRAIN GAUGES AT SPECIMEN MID-HEIGHT 
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CHAPTER IV 


TEST RESULTS 
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From two series of tension tests done on standard 
coupons it was determined that the average static yield 
strength of the flange material was 44.53 ksi, and that of 
the web was 44.33 ksi. These values corresponded very 
closely to the nominal yield stress of 44.00 ksi, on which 
the specimen design was based. This was convenient for the 
analysis, and made easier the prediction of specimen 


behaviour before the tests were performed. 


The coupons were sawed and milled from plates 
supplied by the specimen fabricator. The web coupon plate 
material was specified to be from the same rolling as the 
plate from which all the specimen webs had been fabricated. 
An identical procedure was followed for the flange plate 


material. 


In all, fourteen coupon tests were performed. Six 
of these were on the web niaee material, and the other eight 
on the flange plate material. Since the flange plate 
material was A36 steel, it was felt that the two extra tests 
would make any major differences between it and G40.21 Grade 
4uW steel more noticeable. The steel behaved satisfactorily, 


and its yield point was found to be very close to that 
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specified for G40.21 Grade 44W steel. 


Each coupon was loaded until the material had just 
Breredette range of yielding as observed on a stress-strain 
diagram. At this point in the test, the coupon was allowed 
to relax by shutting off the hydraulic valve of the testing 
machine. The result was a slight change in strain, and this 
was carefully watched as the load slowly decreased. At the 
point when the slope of the stress-strain curve was starting 
to become parallel to the linear-elastic portion of the 
curve and was no longer vertical, the load was again 
applied. This process of coupon relaxation was repeated two 
or three times. A value of the static yield point was 
obtained by averaging the stresses corresponding to the 


points where the coupon was stable (Figure 4.1). 


It was hoped that since all of the beam-column 
specimens had been fabricated from steel of the same 
rollings as the coupon plate materials, the yield strength 
and behaviour of the materials in the specimens would be 


known and uniform throughout the test series, 


4.2 Description of the Actual Test Procedure 


aS ee ee ea ae a SS ee eee ae ——— 


Since the yield strengths of both the web and 
flange plate materials were found to be very close to the 


nominal yield stress of 44 ksi for G40.21 Grade 44W steel, 
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the difference between the actual and the nominal yield 
strengths was neglected. This meant that the design 
properties of the specimens were expected to be close enough 
to the actual properties. Therefore any loads such as 


expected yield moment and load were not recalculated. 


Before testing, the test specimens were first 
aligned. This included alignment of both the concentric load 
With the centroid of the specimen and the eccentric load 


such that it would act in the same plane as the web. 


A load of 4 kips was then put on the specimen (as 
indicated by the digital readout on the MTS control console) 
by the testing machine, and the initial readings were taken. 
It should be noted that the minicomputer obtained the MTS 
load from a transducer output on the MTS control console. 
This output read slightly lower than the digital readout. 
The testing machine load was taken to be the amount 
indicated by the digital readout for adjustment of the load. 
For any computations, however, the minicomputer utilized the 


MTS reading from the transducer output. 


The moment was increased until either the specimen 
failed and it became impossible to maintain the eccentric 
load, or until the yield moment was reached. If the yield 
moment was reached, the test was continued in the same 
fashion. If the specimen had not failed by the time two 


further load increments had been applied to the specimen, 
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the test continued except that the MTS load was no longer 


decreased. 


A problem arose which had not been anticipated 
when it was decided to use the tension flange as datum for 
the deflection measuring device. It was noticed for 
specimens at high P/Py values, and in particular specimen 5, 
that the tension flange was beginning to twist and buckle at 
the full axial load before moment application was started. 
Hence, the trolley was not able to maintain its alignment 
from one load increment to the next as it moved up and down 
the tension flange. As application of moment proceeded, the 
tension flange began to straighten, and for the last couple 
of sets of web and compression flange readings was 


considered straight enough to make the readings accurate. 


It was noticed that because of a large amount of 
grinding done by the fabricator, the mill scale had been 
removed over a large portion of the specimens. Hence the 
whitewash could not flake off in the usual manner, and it 


was difficult to detect and interpret the yield patterns. 


4.3 Specimen Moment-Rotation Behaviour 
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The specimens were loaded at least until the 
ultimate moment was reached, This was indicated by either a 


zero or a negative slope of the moment=-rotation curve. The 
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moment-rotation curves for the specimens are shown in 
Figures 4.2(a) through 4.2(f). These curves were adjusted to 
account for initial curvatures that were present under full 


axial load only. 


All but two of the specimens reached the expected 
yield moment, reduced for axial load, before failure. 
Specimen 2 reached 99% of its yield moment, and specimen 5 
reached 79% of its yield moment. These data are tabulated in 


Table 4.1. 


In general, the form of the moment=rotation curves 
is consistent with what was expected. In particular, the 
specimens with low axial load were able to withstand 
substantially larger rotations before failure than did the 
specimens with higher axial load. Furthermore, the specimens 
under high axial load tended to fail much more suddenly than 


did the specimens under lower axial load. 


Specimen 1 appears to have behaved more like a 
plastic design section than a non-compact section. It 
underwent large rotations before failure, while sustaining a 
moment approximately equal to the plastic moment. This 
specimen was the only one not to have shown a decrease of 
moment capacity within the range of data taken. It was 
tested until the rotation was approximately seven times the 
yield rotation, and the moment-rotation plot was still 


horizontal when the test was stopped. 
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Specimen 2 also underwent a large rotation before 
failure occurred, although the moment was not as great. 
Because it is more likely for a stocky specimen to fail at a 
larger moment relative to its yield moment (i. e., a larger 
Mu/My ratio) than a slender section, it was expected that 
specimen 2 would fail at a higher Mu/My ratio than specimen 
1. This, however, was not the case and no apparent reason 


seems to exist for this discrepancy. 


Specimen 3 exceeded the yield moment and exhibited 
a more sudden failure than either specimens 1 or 2. The 
specimen rotation at failure was less than the failure 


rotations exhibited by either specimens 1 or 2. 


Specimen 4 behaved in much the same way as 
specimen 3. It was noted for specimens 3 and 4, that the 


stockier one (specimen 4) failed at the larger Mu/My ratio. 


Specimen 5 failed suddenly at a moment 
considerably less than the yield moment, and had a smaller 
rotation at failure than did any of the other specimens. It 
is possible that the high axial load caused the specimen to 
fail prematurely as it interacted with initial deflections 


in the flange and the web. 


Specimen 6 also failed suddenly, although it had 
the largest Mu/My ratio of all the specimens. Its failure 


rotation was greater than that of specimen 5. 


capt gea? 


suoiooo eyotilsl 


1100 Si #£ SeangDeGg 
‘tjcles tpramee wep7el 
iy {falvar YU 
btonw > senaioegqe 


Youron eiaTt .f 


ro ©O]13 2849o2 


See wyom 6s 


rr : S707 fon shedg2 


rita ao Los 7075 


J iar age 


} I*Lzno0%e 


45 


1g Perlynn and Kulak's investigation(s), the 
identification of which plate element (web or flange) 
buckled first had been very helpful in the analysis of the 
test results. Unfortunately, and in spite of the large 
amount of data on web and flange movements collected in the 
present tests, it was frequently not apparent which plate 


element buckled first. 


Because the deflection readings of the web were 
taken at grid points whose locations were known and constant 
(having been adjusted for specimen curvature and 
shortening), it became possible to plot contours of the 
deflections of the web, and a single line graph on 
compression flange deflections for each load increment. 
Because of the varying reflectivity of the paint and the 
variance of the ambient light at the different grid points, 
changes in deflections were plotted rather than absolute 
values as contour intervals. Using changes in deflections 
would cancel out any undesired effects due to these 


variations. 


Deflection readings on specimen 1 were taken with 
a grid size of 4 in. by 4 in. on the web,, and linearly, every 
4 in. on the flange. For the remaining specimens, a grid 
size of 2 in. by 2 in. was used for the web and readings 


every 2 in. were taken along the flange. 
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All the specimens had deflection measurements 
taken over the central 32 in. length of the beam=-columns. 
This meant that no deflection data were taken for the top 
and bottom 6-1/2 in. of the specimen (Figure 4.3). This was 
unfortunate in the case of specimen 2, because the web 
movements which eventually caused specimen failure occurred 
very close to the cap plate of the specimen, and no readings 
were recorded near this location. Other specimens also had 
yield lines and significant deflections near the cap plates 
where no deflection readings were taken. Because the total 
grid size was an integral number of 2 in. or 4 in. grid 
points, the portion of the web monitored for deflections 
varied from specimen to specimen and did not encompass the 


entire distance "h" between the flanges (Figure 4.3). 


The contour values used in plotting the web 
deflections were chosen on the basis of the intervals that 
would encompass most of the greatest deflection changes for 
all the load increments of a particular specimen. In the 
end, ten contour values were chosen for each specimen. 
Often, not all of the ten contour values existed for a 
particular plot. This was deliberate. If, at a later . load 
increment in a test, a new contour value of a larger 


deflection change is plotted, the web is known to be moving. 


The flange deflections were plotted as a straight 


line graph of deflections over the flange length. 


cehuapctey ane andes toh eee 
atenbnc-aied G42 70! srened: sar SH, tarraet ey 


a ald 10% neaat omaw hint Woe Att sed Mes 


eS 


soe Bit? . (eu? aRepeS) OMe ROeGE bas Yo -At aNtSE 


no 
iow ‘sit vepaosdt 2 Tse cooge | 7a =e 


iat Spa Grtine® woeivsqa BeeveD Yh wre dedi eyaonevom: 4 


Sietipox Oa TM a pega sgt he gtnlg ges FAS 03 Seet> yaw 
bid Voods Senge toaq4, tadet Uissalads) CENT eee semese: wal 


7 we 
setciac @e5 vit tear anoltosite #c6 stipes Baa auait bleiy 


infos od) | eeitnwetl <Feses Bro Sees) at toLdvoal vet eal ez9du 


Siety € hizo satit- S “te tedep: Lazpeorrs ae om ogfa bitp 


ano ttaai7eb. 36 : bev) ives dse. od¥> tol ngktseq ene 27a loo 
oy? sepecwouns Cort Dih Dede nes Sea > (erltege aoz? balvey 
neawiod "dd"? asagebh oleate 


ke 


Af oe Stel s) Beonel? sa 


tov se pacers ot sei Aone 1i07neD Sty 


24a 422 6VI87 1.2 (? 30 eres! 424i? ne feeon> yoy sro soe Lieb 


163... 9°) inivooltoh tas¥rxrrp e7¥ 20 toos cupqeeedea. Bigee 
an? oT .dee bose LALODIIC TES... & St 220m Sos bao ao} Cis 
B 

eee ican § Alas ai anta e368 Bell sV noxto> ae? , bas 
ioe 


a umd) @ateitve.ceulay muduoo 197 ens 20 [Le 299 ,a0t 20 


a = 


Secl Jefas # Yu \AL .ofatdodtish ess aint .f0kq teiwoizaag 
ospaef G@ to syle) dueinus, vom 6 |, 3607 “s) Bh seqnetzeRe 


Deeseos 20 ad aden? vi foe eit ~borto!a aot opesss. aot sookias 


7 


eivings= .& 25 BEPIel¢ a10% *eno2Posite! cpwdeltcedp 


= 


eé?pael oaptel! «dy 24vo 2094 }relteh Ao sevtp saki 


a 


47 


Determination of the buckling behaviour was 
accomplished by superimposing three contour plots ona 
graph, each having a reduced number of contour values. A 


Similar procedure was followed for the flange plots. 


By noting the movement of a particular section of 
thevi lange or 1a contour value over the web, it. 1s ~possible 
to gain insight into the buckling of the plate element. 
Comparison between web and flange plate movements helped 


determine how the specimens failed. 


The contour and deflection plots are shown in 
Figures 4.4(a) through 4.4(f). The load increments and the 
respective contour values for each load increment are 
indicated on the plots for each specimen. The solid lines 
represent the web contours and the flange deflections at the 
bist load increment plotted; the dashed lines, the 
intermediate load increment; and the dotted lines, the 
highest load increment. A negative contour value or flange 
deflection value indicates that the plate element 1S moving 
away from its initial position and the deflection device. 
The size of the contour plots in these figures are drawn to 
an approximate scale of 1:5.33. The load increments plotted 
were chosen so that one would be at a low load in order to 
provide a basis for web and flange plate movements at the 
higher load increments. The other two load increments 
plotted are at high loads, usually one at the load increment 


nearest the failure load for which the web and compression 
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flange deflection readings were taken, and the other load 
increment immediately preceeding it for which these 


deflections were taken. 


Since it was not definitely clear in most cases 
whether the first plate element to buckle was the web or the 
flange, judgement was used to provide a decision. In view of 
the uncertainties this was generally such that the most 


conservative prediction of behaviour would result. 


Figure 4.4(a) shows that specimen 1 underwent a 
substantial amount of movement in the web as the load was 
increasing, while the flange movements were much smaller. In 
fact, the flange appears to be almost straight except for 
part near mid-height where the deflections are noticeable. 
It appears that this specimen failed by web buckling. The 
strain gauge readings (not presented) do not indicate a web 
buckle, but the contour plots show that the largest 
movements do not occur at mid-height, where the strain 


gauges were located. 


It was more difficult to determine the failure 
mode for specimen 2 (Figure 4.4(b)). Substantial flange 
movements occurred near the bottom of the specimen at the 
higher load increments. The web was also moving, both at the 
top and the bottom of the specimen, and hence appears as if 
it could have caused the failure. It apparently had twisted; 


the top is closer and the bottom farther away than at the 
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first load increment. It was judged that the web caused the 
specimen failure. Unfortunately, the buckle of this specimen 
formed very close to the cap plate at one end of the 
specimen, and no deflection readings were taken in the 
immediate vicinity of the buckle. Hence the determination of 
which plate element caused this specimen to fail was 
difficult. At the higher load increments, the strain gauges 
indicate some web movement, but, as was the case for 
specimen 1, the large deflections did not occur where the 


strain gauges were located. 


As shown in Figure 4.4(c), specimen 3 showed 
substantial movements of both the flange and the web. It was 
apparent that as one plate element failed, the other one was 
close to failure itself. It appears as though the flange was 
deflecting more at the first load increment, but the web 
deflected as much as the flange did as the loads were 
increased. The buckle formed just above mid-height, and 
appears to have been caused by a simultaneous web and flange 


failure. The strain gauges indicate some web movement. 


Specimen 4 had substantial web movements at the 
top and bottom with the mid-height remaining relatively 
stable. Figure 4.4(d) shows that the flange exhibited large 
movements at the same heights as the web deflections were 
occurring. The flange moved a substantial amount more than 
the web, so it appears as if the specimen failed by flange 


buckling. The strain gauge readings indicate some movement 
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of the web. 


Specimen 5 appears to have substantial movement of 
both the web and the flange. In Figure 4.4(e), it can be 
seen that, for low load, the web and flange moved 
approximately the same amount. Because of the high axial 
load involved, it was noticed that the tension flange was 
beginning to twist before the application of moment was 
Started. Hence, the deflection readings for the intermediate 
load increments were not considered to be accurate, and 
could not be used. For the higher load increments, the 
flange appeared to be moving a very large amount while the 
web was not moving to such a great extent. The strain gauges 
showed, however, that a web buckle was forming. Hence it 
appears aS if the specimen failed by simultaneous web and 


flange buckling. 


Figure 4.4(£) shows that specimen 6 had reasonably 
large movements at the low load increment for both the web 
and the flange. However, for the higher load increments, it 
appears as if the flange moved more than the web. Hence, it 
was concluded that this specimen failed by flange buckling. 
The strain gauges do not indicate any substantial movement 


of the web at mid-height. 


It was also noted that specimens 1, 2, and 4 had 
substantial movements of the web and flange near the top and 


bottom of the specimen, but much smaller deflections at the 
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mid-height of the specimen. This is thought to be due to the 
presence of the studs welded to the specimens for the 


lateral bracing systen. 


A web and flange buckle (shown well after the 
ultimate moment had been attained) is given in Figure 4.5, 
and a summary of how each specimen is considered to have 


failed is included in Table 4.1. 


4.5 Initial Deflections and their Effects 
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Relatively light steel plate was used in order to 
fabricate reasonable cross-sectional shapes for testing. It 
is probable that, as a result of residual stresses resulting 
from the welding of these thin plates and from normal shop 
fabrication procedures, initial deflections of both the 


flanges and web were present. 


It was noted after three tests, (4, 5, 6), had 
been completed that the deflection device did not give a 
reliable evaluation of initial deflections because of 
changes in ambient light and reflectivity of the painted 
surface at the various grid points. The relative 
differences, which are the ones of primary interest in this 
investigation, are still useful because the point to point 
variations cancel each other out when the differences are 


used. Hence, for specimens 1, 2, and 3 a bridge device using 
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three dial gauges was used to take readings of the initial 
web deflections. For specimens 4, 5, and 6 an estimate was 
made of the initial web deflections. This was done by 
assuming that the first line of web readings nearest the 
tension flange had zero net deflection and the other 
readings along the row in question were compared to it. The 
readings near locations where the strain gauges were mounted 
were ignored because of the wiring of the gauges. The 
maximum net deflection change between the tension flange 
reading and the respective web deflection readings was then 
taken to be the maximum out-of-straight of the specimen 
(Table 4.1). Using this procedure, it was determined that 
the maximum relative out-of-straight (é/h) for the specimens 
was 0.005 (specimen 2). This is 74.7% of the allowable limit 


according to CSA Standard W59.1¢16), 


It is also possible ae estimate the initial 
out-of-straight of the compression flange using the readings 
from the deflection device, provided the tension flange is 
assumed straight and not twisted. This assumes that the 
reading taken closest to the top of the specimen is at zero 
net deflection. These readings have not been presented due 
to the uncertainty of the straightness of the tension 


flanges. 


The effects of initial out-of-straightness of the 
plate elements in non-compact beam-columns is not obvious 


from the tests. However, it may be reasonably assumed that 
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ae the compression flange has an anti) large 
out~of-straightness compared to the web any axial load or 
moment application will tend to increase this 
out-of-straightness. A similar situation exists for the web. 
For non-compact beam-columns, the effect of the initial 
out-of-straight of the flanges has perhaps as profound an 
effect as that of the web, because the flanges are _ so 


slender. 


It was noted that the high axial load specimens 
were more susceptible to out-of-straightness effects, and 


hence sudden failures. 


4.6 Second-Order Considerations 


It was noted that the maximum second-order moment 
due to the interaction between strong-axis deflections and 
axial load at ultimate moment was 3% (Specimen 5). Hence it 
appears to be reasonable to neglect these second-order P-A 


effects. 
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TABLE 4.1 


SPECIMEN MOMENT AND FAILURE DATA 
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MOMENT=ROTATION RELATIONSHIP = SPECIMEN 2 
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FIGURE 4.2(d) 


MOMENT-ROTATION RELATIONSHIP - SPECIMEN 4 
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MOMENT-ROTATION RELATIONSHIP = SPECIMEN 5 
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FIGURE 4.2 (f) 


MOMENT=PROTATION RELATIONSHIP = SPECIMEN 6 
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61 


0.5" 00 -05" 


\ 
\ 
i 
] 
L] 
t 
t 
q 
0 
mal 
a! 
ol 
a. 
e i 
4 


FLANGE 
DEFLECTIONS 


380 72 
2446 72 
2622 Ti 


FIGURE 4.4 (b) 


CONTOURS 


WEB AND FLANGE DEFLECTIONS - SPECIMEN 2 


FOIA 


it 
i 
OViGiT 36) 
Tk 
. ) 


(dy a Feet 


. WONTON 12 - £4OTTAAIISG ZOeATT AA BRR 


63 


so=@== =e 
ef =e 


\ 


rd 
eoree=-” 


U 


WEB FLANGE 
CONTOURS DEFLECTIONS 
532 
2300 


2650 


FIGURE 4.4 (c) 


WEB AND FLANGE DEFLECTIONS = SPECIMEN 3 


| 
| 
| 
| 
= 


vA 
Yaa diel 


evtce 
eh ae 
eer 
Bat | 
L Wet L 


(op¥.8 GALeTs 


i Waetosces - cxoiwwageed Loviry OMe Gee 


= 


4 
4 
y 
t 
i} 
A 
A 
4 
t 
i 
i 
iy 
0 
0 
d 


FLANGE 
DEFLECTIONS 


FIGURE 4.4 (d) 


WEB AND FLANGE DEFLECTIONS = SPECIMEN 4 


64 


OMAR 
SMT 330780 
L. bps | he 
. 8G! | 
ari ; 
__. Be! aS 


(nye. 290 01% 


H WANT OLIE = 2HOTTIISTSS anuese GRR Hae 


65 


0.0 -05" 


OS™ 


meer tte gfe Aer ere 
ow 


FLANGE 
DEFLECTIONS 


WEB 
CONTOURS 


FIGURE 4.4 (e) 


WEB AND FLANGE DEFLECTIONS = SPECIMEN 5 


aes Aas Wek dae 
ie) fi, - sn 
one rig: 
aes 1. P| 
Di 


an = 


66 


05° 00 -05" 


WEB FLANGE 
CONTOURS DEFLECTIONS 
re ei 
516 296 
997 
1095 


FIGURE 4.4 (f) 
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CHAPTER V 


THEORETICAL ANALYSIS 


2:1_Analysis of CSA_S16=1969 Specification Requirements 


The first major investigation into flange and web 
plate buckling was conducted by Haaijer¢*), In his 
investigation, Haaijer accounted for the possibility that 


web and flange plates may reach strain-hardening before 


buckling. His analysis was based on the following 
assumptions: 
1. An idealized stress-strain diagram can be 


used for the analysis of the test results 
(Figure 5.1). 

ale Yielding occurs in slip bands!7), so that 
the material is either in the elastic range 
or in the strain-hardening range. 

ES The material is homogeneous and isotropic in 
the elastic range, and homogeneous and 
orthotropic in the strain-hardening range. 

4. The rotation interaction between the web and 
flange plates can be accounted for by using a 
coefficient of restraint (§). 

5 Yielding starts at the loaded edges of a 
column specimen and progresses inwards, or 


starts at the centre and progresses outwards 
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towards the loaded edges. (Haaijer uses this 
assumption to show that columns can buckle at 
stresses above the yield stress, then assumes 
that this also holds true for plates.) 

Gr An incremental stress strain relationship(18) 
can be applied to the analysis. Initial 
imperfections of the plate are accounted for 
by the introduction of effective moduli for 
the strain-hardening range. 

aye No strain reversal occurs for a plate 
supported along all four edges when it 
deforms to its buckled shape from its 


non-buckled shape. 


Once the possibility of column buckling at 
stresses above the yield stress was established, Haaijer 
developed a plate buckling equation for the strain-hardening 


range. 


Assuming that buckling occurs without strain 
npeversall, sitetis Pepossibl em fornia Uivebmep lace eaclenment mor 
Rees sic material to be in equilibrium in the deformed 
position when subjected to uniform edge compression (Figure 
5.2). This can be expressed mathematically by the following 


fourth-order partial differential equation: 
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Dx® oh uli Bios ube 1 Dy o4u= ~Ccrw d2y (5.1) 
ax dx2d0y2 dy* Tex 2 
where: DX Bae SISK: 
1h xy 
DV ea eee y= 
1- VxVy 
OXY Sv Ex es 
t= YxVy 
Dy eee xeon 
1- Vx Vy 


2H = Dxy + Dyx + 4Gt 

Gt = tangent shear modulus 

u = deflection of plate at centre 
w = plate thickness 


Scr= critical buckling stress 
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Equation 5.1 is similar to Equation 2.1, the only 
difference being in the coefficients used to describe the 
material behaviour. Equation 2.1 deals with isotropic 
material which requires only two independent parameters to 
describe the material behaviour, while Equation 5.1 deals 
with orthotropic material which requires five such 


parameters to describe it. 


The condition that the in-plane and deformed 


positions of the plate are in equilibrium at the instant of 
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buckling (the bifurcation point) can be expressed in terms 
of work, Any additional work done by the external forces in 
further bending the plate must equal the change in the 
internal energy of the plate. this yields the following 


integral equation: 


Sorw ou}? dxdy = Dx/d2u\2 + Dy fo2u\2 
I ox ox2 dy2 
¢ (Dxy + Dyx) /92u\/d2u 
ox2 dy2 


+ 4 Gt f{_d2u)\2 dxdy (52) 
ox Oy 


This approximate work-energy approach was used 
because solutions to Equation 5.1 can be easily obtained 
only if H2 = DxDy, an assumption made by Bleich€®8)., This 
assumption, however, was found not to be valid for Haaijer's 
experimental results. If the following constraint on 


Equation 5.1 is considered: 
2H = Dxy + Dyx + 4Gt 
and if H2 = DxDy is substituted for H in the constraint 


equality, the equality is not satisfied using the values of 


the constants determined from Haaijer's experimental 
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results. 


Equation 5.2 will give an approximate solution if 
an appropriate deflection surface is assumed. Although the 
degree of approximation depends upon the correctness of the 
assumed deflection surface, the result will be conservative 
in any case. For a rectangular plate supported along all 
four edges, with the loaded panes x = 0 and x =1 #£being 
hinged, and the edges y = +h/2 having equal restraint 
against rotation (Figure 5.2), Haaijer assumed the following 


deflected surface: 
u = (Br ((y/h)?2 = 0.25) + (A+B) cos (ny/h) ] Sin(nx/1) (533) 


where: A = constant 
B = constant 


= Mh_ = coefficient of restraint 
2DyI against rotation 


M = moment per unit length 
required for a unit rotation 


h = width of plate 


1 = length of plate 


(In fact, Haaijer misquoted his reference here, by not 
squaring the y/h term. The correct deflected shape, as 
written in Equation 5.3, was first suggested by Lundquist 
and Stowell1¢19), Perlynn and Kulak¢5), by quoting Haaijer, 


also misquoted Lundquist and Stowell.) 


et wbagelde siewteordae op Sap as tt 00h om 
dr -fneddstA» <beahens oS was ¥aue abtroel deb tay 
sa! to GaghsoaT#@OD o/* wane ¢ Miteged roifeessoryas % 
avisevzeamo> of itis. dinees te .896 22a cakesedvel 
fly biol tatsvaugie ofelq anhepdetees 6 FOU .SReD qu ar 
ovtnd 1 = inn - « Cioke - tobsot alts mle ‘nope xa0t 
mbeiies: -fagne sniee Nee =\¥ eapbe outs ban ,Segntd | 
divol lo? Od¢ Daneome Tehaeek . (xt sayl) nokieso® Sentepe 

‘eostien bysoelled 


(iNenpate| OY eatieny © (Ch. ~S feNR) eey Se 


Psstouweo = 8 :e10d¥ 


21574700 = € 


{iistine® Yo te4ulni tie. = 2a. = 2 


9l#e7O1 sentaea tvds 


= (2 
" 
ae 


hAictel tino, 2°94 PesRen = 
aoiteroy Dtan’ 2 ot Bev knee: 


stag Ya ddhtw = a 


sulqg 30 doptel = £ 


fon (yd «6.9te e2astales ofd bStenveian weptech .f@oe2 Adj 
da? anede Barwell inl (faesae- °c ,@%et m9. oe fatseepe 
Sasipiatt yd hetesppve 18:/% sew 4f.2 aeirenge af wads gae 
g7etice’ mirtovp et ,°* adaicd few Haylaet ,o° 22 Ehewess ban 


(.llewot® her teitpband Setenpaig oats 
Gs 


73 


Substituting Equation 5.3 into Equation 5.2 and 
integrating will give the critical buckling stress. In the 
limiting cases for a web plate subjected to uniform axial 
compression, when the unloaded edges y = th/2 are hinged or 


fixed, the minimum values of the critical buckling stress 


are: 
(a) For y = +h/2, hinged, (f8=0); 

Cer = a (#)* [2/DxDy + Dxy + Dyx + 4 Gt] (5.4) 
(b) For y = +th/2, fixed, (f=~);3 

fo) 


cr = nae (4.554/DxDy + 1.237 (Dxy+Dyx) + 4.943 Gt] (5.5) 
12\h 


By substituting the appropriate values of the 
constants Dx, Dy, Dxy, Dyx, and Gt for the strain-hardening 
range, Equations 5.4 and 5.5 can be used to give the 
critical buckling stress of plates subjected to strains 
greater than or equal to the strain at the start of 


strain-hardening “st (Figure 5.1). 


For the simplified stress-strain curve assumed, 
substitution of the elastic values of the constants in 
Equations 5.4 and 5.5 will give valid elastic buckling 
solutions for °cr less than Oars It is obvious that the lower 


critical buckling stress will occur for the case of the 
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plate with all four edges hinged. 


Haaijer conducted tests on wide-flange shapes of 
ASTM-A7 steel subjected to either pure bending or pure 
compression. He concluded that Equations 5.4 and ys 
adequately described the test results. At the time, however, 
the behaviour of a web plate subjected to combined in-plane 


bending and uniform axial compression was not investigated. 


Equations 5.4 and 5.5 pertain only to _ plate 
elements that are free of residual stresses, that is, 
annealed specimens. This is because of the simplified 
stress-strain diagram used (Figure 5.1). As=delivered 
specimens, however, generally contain residual stresses of a 
large enough magnitude to cause partial yielding to occur at 
an applied stress considerably less than the yield stress. 
The elastic solutions obtained from Equations 5.4 and 5.5 


are valid only up to a limiting stress Poe where: 


O Oo oO 
eS Oe eeu 

Oy = yield stress, 

Or = residual stress. 


A more realistic approach to the problem, for the 
range hey eo Kopel << Cy, was proposed in 1958 by Haaijer and 
Thurlimann(19), when they suggested a plate buckling 


equation which took into account the effects of residual 
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stresses. A plate buckling curve (similar to a column 
buckling curve) was developed which had an empirical 
transition curve to describe the buckling behaviour of a 
plate subjected to stresses between its proportional limit 


and its yield stress (Figure 2.1). 


Dividing each side of Timoshenko's plate buckling 


relationship (Equation 2.2) by the yield stress results in: 


cr = K_ 12 8 (5.6) 


Sy 12 Sy (1 = v2) (h/w2 


Haaijer and Thurlimann defined: 


PAG= Cr (537) 
a2 Oy 
to obtain: 
oO = hee 2 Oy BCIS=s ve): (5.8) 
TIW K E 


which is the same as Equation 2.3. 


Equation 5.7 is valid for values of 4% greater than 


% (Figure 2.1). This corresponds to 


some limiting value 
stresses below the proportional limit and > corresponds to 


the non-dimensionalized limiting stress Op/ly. From the 
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point given by (py, ep) ; some transition curve must be 
followed as progressively more of the material reaches the 
strain-hardening range, to the point at which the buckling 
stress equals the yield stress ([cr/9%y = 1.0,%). A portion 
of a plate element reaching the latter point, has by 
definition, all of its material yielded and has reached the 


strain-hardening range. Haaijer and Thurlimann proposed the 


following transition curve for COP Sa SE Opls 
n 
BCLS, Wee (ee spt) 3/0 20% BEG (5.9) 
Oy Oy oo8) = Qe 
where: Ccr= critical buckling stress 


for uniform compression 
oj Oo 

De aueey eee (2 

p = stress at proportional limit: 


r = maximum value of the plate 


compression residual stresses 


ep =e yO 


Haaijer and Thurlimann suggested values for COmnOs 
three types of compression elements and showed that they are 
nearly independent of the amount of rotation restraint 
offered along the unloaded edges. For hinged webs, they 
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Simplicity, they suggested using %o = 0.58 for web plates 
supported along all four edges. By definition, then, when 
So = €.58, the web plate in a Wwide-flange member may be 
uniformly compressed up to strain-hardening without the 


occurrence of local buckling. 


Knowing the maximum residual compressive stress in 


a specimen, ° 


tT, it is possible using Equation 5.9 to _ plot 
Scr/y versus o . Using Equations 5.7 and 5.8, it is also 
possible to determine the limiting value of h/w for any 
value of Ccr/fy. Haaijer did this for his test results and 
found that good correlation existed for webs and flanges 
subjected to pure compression. However no testS were 


conducted to determine the behaviour of web plates subjected 


to combined in=plane bending and axial compression. 


Haaijer and Thurlimann realized the importance of 
extending the previous considerations to cases of plates 
subjected to combined bending and axial load. The web of a 
wide-flange section, subjected to an axial load P anda 
bending moment M, presents such a case. Depending upon the 
ratio of axial load to moment, the neutral axis may lie 


inside or outside of the web. 


For the case of combined in-plane bending and 
compression, Haaijer and Thurlimann suggested that Equation 
5.8 could still be used to describe the behaviour of a web 


plate if an appropriate plate buckling coefficient "K" could 
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be determined. This is because gq is a function of the 
maximum critical strain in the web and the web slenderness 


ratio h/w. 


The minimum values for art for a stress 
distribution of a fully-plastified wide-flange section are 
shown in Figure 5.3. For any loading condition except pure 
compression, attaining the necessary stress distribution 
would require that the ratio of the maximum compressive 
strain in the web to the yield strain be infinite. The 
values of K can be determined by equating the work of the 
external forces to the dissipation of the internal energy at 
the instant of buckling. In Figure 5.3, h is the clear depth 
of the web, and y, corresponds to the position of the 
neutral axis. For the two limiting cases, pure bending is 


represented by Vos arn «le and pure compression by 


SR Ae ie Os 


For an expedient solution to the problem, Haaijer 
and Thurlimann plotted experimentally determined values of a 
as a function of the critical strain (cr) for Haaijer's 


three pure compression tests failing by web buckling. 


For a beame-column web, defining the maximum strain 
of the compression flange to be ©m and assuming that the 
average strain over the compression zone in the web would be 


Em/2, it was graphically determined that for web plates: 
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For eu/aye= 128 Gas h0tse- 
En/ey =—9n8 , OL =20 260% 
EmsEy = 4, & = 0.69. 


Using the assumptions stated in Chapter 2, web 
slenderness limits were proposed by Haaijer and 
Thurlimann(!0), These form the basis for the CSA S$16-1969 
web slenderness limitations. However, it should be noted 
that no tests on web plates subjected to combined axial load 


and moment were conducted for experimental verification. 


Although good correlation was found to exist 
between Haaijer and Thurlimann's theory for plates in pure 
compression and their test results, in extending this same 
theory to appiy to web plates subjected to combined axial 
load and moment, some assumptions of doubtful validity were 


used: 


UE In determining the values of K for Equation 
5.8 (Figure 5.3), a stress distribution 
corresponding to that of a fully-plastified 
wide=-flange section was assumed. For all 
loading cases except pure compression, this 
would mean that the member would be required 
to deform until the condition m/fy = ~ had 


been reached. 
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Zs The ratio of the maximum compression flange 
strain to the yield strain (€m/£y), would 
reach a value of four for members required to 
deform plastically. 

=A It was also assumed that the maximum 
compressive strain in the compression flange 
would be m and the average strain over the 
compression zone in the web would be taken as 
“m/2. This implies that the analysis is for a 
plate in uniform compression with a width 
equal to the depth of the compression zone of 


the web. 


Since Perlynn and Kulak(S) were not able to 
satisfactorily correlate their test results for compact 
beam=columns with Haaijer and fThurlimann's web buckling 
theory, it was decided that this theory did not adequately 
describe beam=column behaviour. This was considered to be at 
least partly attributable to the assumptions used in the 


theory. 


Based on their test results, and the test results 
from another investigation(!!), Perlynn and Kulak 
recommended higher web slenderness ratios for both compact 
and non-compact beam=-columns and these have been 


incorporated into the most recent CSA Standards(®,7)., 
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eS ee Se ce ae a ge ee Se Se a a a ee 6, Se oe Se ee 


Because of the proportions of their test 
specimens, Perlynn and Kulak©5) were able to closely 
establish experimentally the limit of web slenderness at 
which a compact member would have its compression flange and 
web buckle simultaneously (Figure 5.4). Having established 
this limit, they then developed two methods to predict the 


occurrence of web buckling. 


Method I consisted of developing “epee 
relationships, one between the web slenderness h/w, and the 
ratio of the depth of the neutral axis to the web depth y/h, 
and the other between P/Py and y/h. By equating the two 
relationships, h/w can be obtained as a function of P/Py. 
Since residual stresses were expected to affect the test 


results, they were taken into account. 


By addition of the strain diagrams for axial load, 
moment and residual stresses, it is possible to determine 
the location of the neutral axis as represented by the y/h 
ratio (Figure 5.5). Since only one of the investigators 
quoted by Perlynn and Kulak determined the residual stress 
patterns in his test specimens€20), they assumed typical 
residual stress patterns for both rolled and welded 


members(9,21) for the other investigators' test results 


(Figure 5.6). 


For their test results, Perlynn and Kulak 


Jon su T 

spot ginds ie sov*20odorG» acts Yo wheal i 
oe 

yiewsf>s c: whtp Gyov ©8)RRIgk~ bas ey ae chmeninged 
Siw eee Vital ee ae tiharen 
hae Laf% acceloyeon ost S¥ad Siveov 1\taen toaypeo> 5 jotdw 


pate baw ai onivnd .(%.7 soepntay (les svsometiowle eidood dev 


a 

= 
4 
= 
@ 
r) 


offy tubdbeie oF Sbot tea ved Degoleveb rede wet?  .~eieki gedds 


iriteoud fee 6 epnetagpS0 


iow; pata : : i Pes 6 ya 42> ir mr - bittes 
is £ e% ivy7eé 7? raonawtrad Te »yaidaani safes 


NY Yeah few de > fa. Dejavon od9 to 19005 €09 Da oioeg 
uy i? G7 tengps va ny O77 rT\4 Deavrifec ad3c olf Bee 
fd 6 an bengetvo sd aan A aq itaossaler 

4 #7: of bhatjoscys sare sagecerre Lephiers  eonke 


or a ify") & iS 0 iro tA wi reds ,¢3 Loses 


\Gs0l Leren tcf. 2927ye2 ei1se e882 to acts ebhu va 
A ore «4 Lia _ : Pune se Lea Pda s m2 riaaos 
d ' , a4 uwInes Pe olvs -yonet 445 Io feledesoel ofF 
fs faaiud @8F to ofo vlan s5ad: (7,2 weep’) offe2 
i%z (strb.lew2 fa istelb WeInda' nae nayl 124 tc 6bestoup 
fpoiaeg? Caapgnb Yodt y's eneeleeae tec? afd of enzeegee 
H4h° as bide ‘elifey xed so2 nier?tag eeearn§ ianbie03 
filse?. yeor  *esntaepiveevuet asdto ed -3s? 95, ©tatedmes 


. (%.@ ezpol) 


aelvn ip way | 164 ~2?inaey eiane Tive@y 20% 


82 


determined the y/h ratios by graphically determining the 
combined strain diagrams for each member at the applied load 
and ultimate moment. The resulting stress distributions were 
obtained from the superposition of the strain diagrams for 
axial load, ultimate moment (Mu), and the assumed residual 
stresses. They were able to _ show that at ultimate 
conditions, different assumed residual stress patterns do 
not greatly affect the resulting y/fh ratio for a member, 
primarily because residual stress patterns possess symmetry 
and a certain degree of consistency in magnitude. In 
particular, the value of 15 ksi for the maximum compressive 
residual stress is considered to be typical for most deep 


rolled and welded wide=-flange sections. 


Perlynn and Kulak then plotted their test results, 
along with the test results of the three other 
investigations on a graph of y/h versus P/Py (Figure 5.7). 
It was noted that the resulting relationship was very nearly 


linear for P/Py < 0.8, and could be represented by: 


Ve= 0c 4.060 Pee DO? (5.10) 
h : Py 


When P/Py = 1.0, y/h is theoretically infinite. It is not 
obvious how the function behaves for 0.8 < P/Py < 1.0. If a 
member that is loaded into the strain-hardening range 


(P/Py > 1.0) had a very small moment applied to its ends, 
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the y/h ratio would quickly diminish from infinity. Hence 
Perlynn and Kulak assumed only that y/h starts to increase 


towards infinity for P/Py > 0.8. 


For the second relationship, y/h versus h/w, test 
results were again plotted (Figure 5.8). This figure has 
been plotted as y/h vs h YFy so that the results of the 
present investigation could ie plotted on the same graph. 
Only the points representing the specimens considered in 
this investigation have been plotted. At this point, it was 
realized that two boundaries describing member failure were 
possible. one of these describes the web slenderness limits 
at which flange buckling ceases to be critical and web 
buckling becomes the mode of member failure. For web 
slenderness ratios that plot on this line, M/Mpc 2 1.0. The 
other boundary describes the web slenderness limits at which 
a member would cease to reach M/Mpc = 1.0, irrespective of 
the mode of failure. These boundaries were determined 
graphically by observation of the types of failures of the 
specimens and superimposed on the graph of h VFyY versus 
P/Py. Since there were gaps in the slenderness ti6. 3 between 
specimens at each ratio of P/Py, some judgement was required 


in placing these curves, although they are thought to be on 


the conservative side. 


The boundary of interest is the one that describes 
the web slenderness limits when flange buckling ceases to be 


the mode of member failure because it yields the more 
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conservative web slenderness ratio. Simultaneous flange and 


web plate buckling was found to occur at: 


Vie (9. 20n=) 0.100 (h/w) Cansei t 61 (Cie A) 
100 


By combining Equations 5.10 and 5.11, Perlynn and 
Kulak determined that the boundary describing simultaneous 


web and flange plate buckling was given by: 


Pee (Sa207=) 0. 100(h/w) Cees a0. (Sac) 
44.6 


Equation 5.12 gave reasonably good correlation with the test 
results. 
Method II consists of finding h vFy as a_ function 
W 
of P/Py by using a revised form of Equation 2.3 (Equation 
5.8). Using the results of four different experimental 


programs, they were able to find values of a for the various 


specimens by using Equations 5.7 and 5.8. 


Knowing these fo values, it is possible to 
calculate a modified K value using Equation 5.8, designated 
K', for the test results. This K' parameter was then plotted 
against h /Fy to obtain a relationship between h /Fy and K'. 

W 


W 
Substitution of h/w as a function K* into Fquation 5.12 from 
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Method I gives a relationship between K' and P/Py. This 
expression can then be substituted into Fquation 5.8 to find 


the relationship between h /Fy and P/Py. 
W 


Although this method utilizes the results of 
Method I, it is in fact a different procedure, and is based 
directly on Haaijer and fThurlimann's buckling theory. 
Because the experimental test results were used for the 
determination of the relationships used in this development, 
it is expected that K' will reflect the inelastic plate 


buckling properties of the members tested. 


In determining the oa values from Fquations 5.7 and 
5.8, it is necessary to calculate lScr/%y for the specimens. 
The maximum strain in the compression flange-to-web 
junction, at the ultimate moment, is determined from the 
experimental results. This is then converted to stress and 
divided by the yield stress of the specimen to give the 


Ser /Sy watio. 


of the four experimental programs considered, only 
Haaijer's(*) had specimens where °%cr/%y > 1.0. Although many 
tests in the other investigations showed that the yield 
strains in the compression flange-to-web junction were 
surpassed, none had attained strain-hardening. Since Haaijer 
and Thurlimann's transition curve, described by Equation 
5.9, is not valid for Ycr/%y ratios greater than 1.0, 


Perlynn and Kulak assumed that if Scr/%y was greater than 
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1.0, then °cr/%y = 1.0. This is because Equation 5.9 implies 
that once a member reaches Ocr/%y = 1.0, it is in the 
strain-hardening range and Equation 5.9 is no _ longer 


applicable. 


Perlynn and Kulak then plotted the various 
transition curves corresponding to the four investigations 
under consideration. They noted that the residual stress 
distribution caused the steels with the lower yield stresses 
to reach the proportional limit at a lower applied load than 
the higher yield strength steels. Hence the transition 
curves were not coincident for the investigations they 


considered. 


In order to plot the transition curves, Perlynn 
and Kulak assumed %o = 0.58, a value suggested by Haaijer 
and Thurlimann. Using Equation 5.9, they then calculated the 
corresponding value of oa knowing [p, °y, Scr, “%o, and “p. 
Invoking the mathematical convention that zero raised to a 
power greater than zero equals zero, they were able to prove 
that a =%o = 0.58 when YUcr/f9y = 1.0. By doing this, it 
appeared that their specimens not failing by web buckling 
had a = %o = 0.58. Since by definition, when o = %o, the 
point of strain-hardening has been achieved, this in effect 
states that these particular specimens were able to reach 
strains greater than the yield strain before buckling 
occurred. Because the material yielded in slip-bands(!7), 


some of the material reached strain-hardening. Perlynn and 
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Kulak, on the other hand, state that none of their specimens 
reached the point of Strain-hardening, meaning that the 
specimens as a whole did not reach Strain-hardening, but 


some of the material did. 


Perlynn and Kulak then solved for K' using 
Equation 5.8 with the ao values obtained. Following this they 
obtained a linear approximation to the relationship of K' vs 


h VYFy (Figure 5.9): 
W 


Kage 0 SOM h/ wea Pye= 956 (5.13) 
aa 


Next, i= kitewas Pfoundssaseyatetunction® of PY PY. 
Referring to (‘Method I, substituting Equation 5.12 into 


Equation 5.13 results in: 


Kip = 929.165 = 20. 58m (P77 by) Coss 52 (5.14) 


Finally, substitution of K' in Equation 5.4 for K 


in Equation 5.8 results in an expression relating h vFy to 
W 


P/Py: 
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Ra TE hey Fy Sg) Se SSE 0. 01241 ee (5.15) 
190w 17 =30.695 s(P7Py) 0-385 
where E = 30 X 106 psi and y = 0.3. 
From this, they assumed that since oOs=e05 58 


appeared to be the limiting value from their test results, 
they substituted this value into Equation 5.15 to obtain an 
expression between h VFy and P/Py. This limit was set to 
ensure that the web eee saint part of a member will reach 
the yield stress of the material, to a depth of about h/4s 
below the compression flange=to-web junction before web 
buckling will occur. This depth of h/4& corresponds to 
ems ey = 2.0 which is the maximum ratio of compressive web 


strain to yield strain recorded for their tests on compact 


beam-columns. The expression is: 


VFy = 520 = 0. ( y)o- (5.16) 


which is the same as Equation 2.4. This expression is 


plotted in Figure 5.4. 


This procedure was shown to give the same results 
as Method I, hence the usefulness of their results and 
procedures seems to be verified. Perhaps this 1s because 


uniform compression of a web plate up to  strain-hardening 
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(for which Haaijer and Thurlimann(10) recommended a = 0.58) 
May be equivalent to combined axial load and bending moment 
up to the yield stress for an equivalent web depth of about 
h/4 (for which Perlynn and Kulak‘5) used a = 0.58). This 
could be reasoned by considering the extra rotational 
deformation and hence the additional strain the compression 
part of the web must undergo when bending is present, as 


compared with pure compression. 


3_Analysis_ of Present Investigation Test Results=Method I 


Method I of predicting web buckling is analogous 
to the Method I used by Perlynn and Kulak5) in their 
investigation of compact beam-columns. It consists of the 
determination of the y/h ratios for the specimens, and then 
plotting them against P/Py in order to determine a 
relationship between y/h and P/Py. Then, y/h is plotted as a 
function of h /Fy to find a relationship between y/h and 
h VFy. The ee relationships containing the y/h ratios are 
nee equated to determine the allowable slenderness ratio 


h YFy for non-compact beam-columns as a function of P/Py. 
Ww 


In determining the y/h ratios to be used, it was 
necessary to decide whether or not to use theoretical 
calculations, or the results from strain gauge data. It was 
decided to use the theoretical stress determination, because 


the effects of an assumed residual stress distribution could 
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be included. Since the strain gauges were mounted after the 
specimens were fabricated, the strain readings would not 
give an accurate indication of the effects of the residual 
stresses over the depth of the web. This assumed residual 
stress distribution is shown in Figure 5.6, and is identical 
to the one used by Perlynn and Kulak for welded members. The 
stresses were then added up, so that the total stress at 
different positions along the web would consist of the sum 
of the stresses due to axial load, the stress at that point 
due to moment, and the residual stress at that point (Figure 


5.5); 


After calculation of the total stress at a number 
of points over the depth of the web, the stress was plotted 
as a function of its position on the web. The y/h ratio was 
taken as the ratio of the distance to the point where the 


total stress was zero to the total web height. 


In some cases, the yield stress was exceeded at 
points along the web. These points were quite far away from 
the location where the total stress was zero. This was not 
expected to affect the y/h ratio significantly, and was 


ignored. 


Once the neutral axis had been located in this way 
for all the specimens in this test series, and for the 
non-compact beams tested previously(!1), the y/h values were 


plotted as a function of P/Py (Figure 5.7). These data are 
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alsometabulateds;in fable 5.1. .the relationship shown in 
Figure 5.7 follows the same general trend as that observed 
earlier for compact beam=columns. From the pict seit evas 
determined that the relationship between the parameters for 


B7Pytae0s8 is: 


y = C.410 P_ + 0.700 (Si) 
h Py 


This relationship is considered to be valid for P/Py < 0.8. 
AS was the case for compact beam=-columns, it is not obvious 
how the function behaves for P/Py > 0.8. In theory, it is 
possible that it reaches infinity at P/Py = 1.0, and this is 
what has been indicated here. AS a result of fabrication 
tolerances and imperfections, however, y/h will probably 


never be very large in practice. 


In order to obtain the second relationship, y/h is 
plotted against the slenderness ratio h YFy (Figure 5.8). On 
this plot, the type of failures Rioeee by each specimen 
and their respective Mu/My ratios are also indicated. 
Judgement had to be used here to plot a reasonable curve for 
simultaneous web and flange buckling, as indicated by the 
failure mode of the specimens and their Mu/My ratios. The 
limiting web slenderness of interest is the one where the 


specimen will fail by simultaneous web and flange buckling 


and for which Mu/My = 1.0. Hence, the curve should pass 
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between specimens 5 and 6 because specimen 5 failed by 
simultaneous web and flange buckling and specimen 6 failed 
by flange buckling. Moreover, the Mu/My ratios dictated than 
the curve pass somewhere near the mid-point between the two 
specimens, where linear interpolation indicated Mu/My = 1.0 
should exist. A similar determination was made for specimens 
3 and 4, and the curve was fitted to pass between the points 
representing these two specimens. The curve is felt to be 
conservative for P/Py > 0.2 because it indicates a less 
slender limit than the specimens which failed by 
Simultaneous web and flange buckling and had Mu/My > 1.0 
(Specimens 3 and 5). However for specimens 1 and 2, the 
curve appears to be unconservative because of both the Mu/My 
ratios and the mode of specimen failure. Because both 
specimens 1 and 2 failed by web buckling, the curve would 
normally be placed such that the expected maximum 
slenderness limit would be a lesser slenderness’ than 
specimen 2. However, because the Mu/My ratio was less for 
specimen 2 than specimen 1, the curve was placed near 
specimen 2 in the gap between specimens 1 and 2. This was 
done by judgement. Perlynn and Kulak's investigation offered 
some guidance as to the expected shape of the curve. From 
here, the curve was extended to reach approximately the 
mid-point of the gap between the beam specimens NC-1 and 
NC-2. The resulting curve is thought to be a conservative 
estimate of the limit of simultaneous web and flange failure 


for non-compact members. Even though specimen 2 did not 
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appear to fit the test results perfectly, it was felt that 
this had more to do with errors of unknown magnitude in the 
test procedure rather than the analysis, and so the curve 
Was considered to be a conservative estimate. The equation 


describing the relationship between y/h and P/Py is: 


Y =OVSS78exXrd0-7 (690 ~- hervPyy2-6te 0.70 (S54.8) 
h Ww 


Combining equations 5.17 and 5.18 results in a 

relationship between h /Fy and Pypy. This estimate of the 
W 

boundary of the failure limit due to simultaneous web and 


flange buckling is: 


h YFy = 690 (1.0 = 0.425 (P/Py) 0-385] (5.19) 


This equation has been plotted in Figure 5.10, along with 
Perlynn and kKulak's theoretical prediction for compact 


members (Equation 5.16). 


5.4 Analysis of Present Investigation Test Results-Nethod II 
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Analogous to Method I, Method II is similar to the 


second procedure used by Perlynn and Kulak‘S? to determine 
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the maximum web slenderness limits. 


First, the values of a for the specimens 
(including the non-compact beams of Holtz and Kulak¢it)) 
were calculated. For the beam=-columns, this was done by 
calculating the average strain of the web strain gauge 
readings closest to the web to compression flange qZuUnctvoOn, 
and then converting this strain to stress using 
E = 29600 ksi. If the strain was greater than the yield 
strain, a was taken to be equal to 0.58. This procedure 
implicitly assumes the definition of raising zero to a 
positive power used by Perlynn and Kulak to determine the 
values of o& when °cr/y = 1.0. For the specimens where 
this averaged strain was less than the yield strain, the 
appropriate value of ® was calculated using either 
Equation 5.7 or 5.8. It was felt that these strain readings 
would not be adversely affected by the presence of residual 
strains, because the assumed residual strain distribution is 
small where these two strain gauges were located on the web. 
For the beams, the values of a were calculated by choosing 
the maximum compressive stress in the web as obtained by 
adding up the total stress due to the sum of the assumed 
residual stress, the stress due to the moment, and the 
stress due to the axial load. Once the maximum stress in the 
web was determined, it was substituted into Equation 5.7 and 


the a value was calculated. These data are also tabulated 


in Table 5.1, and are plotted in Figure 5.11. 
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After the values of q were calculated, they were 
substituted into Equation 5.8 and a new value of K, called 
K', was calculated for each Specimen. This K' parameter was 
then plotted against h /Fy, to obtain a relationship between 
these parameters. this relationship is also plotted in 
Figure 5.9. In this figure, the solid line represents the 
results of the present investigation (EF = 29600 ksi), and 
the dotted line represents the test results considered by 
Perlynn and Kulak which did not fail by web buckling 
(E = 30000 ksi). The points plotted which are not near the 
Shee are the four Specimens considered in this 


investigation which buckled in the web. The remaining four 


specimens are plotted on the curve. 


From this plot, it is possible to conclude two 
things. The first conclusion is that the plots for K' versus 
h VFy from the separate investigations are coincident within 
eee error. This indicates that K' is not a function 
of the cross-sectional proportions of the specimens 
involved. Indeed, Perlynn and Kulak originally used the 
results from three other testing programs as well as their 
own to obtain the curve. The second thing of note is that 
any specimen which failed by web buckling plots above the 
curve. It is, for example, reasonable to assume that 
specimen 2 buckled in the web, because it is considerably 


above the curve. Perlynn and Kulak represented their test 


results with Equation 5.13, which is a linear approximation 
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to the curved line they obtained by plotting the points 
corresponding to the specimens they were considering which 
did not fail by web buckling. Another representation of this 


curved line, incorporating a more precise parabolic 


approximation, is: 


K" = 0.000111 (h vWFy)2 (5.20) 
W 


It is considered that this curve represents a 
reasonable approximation to the maximum web slenderness 
which a specimen may have (in terms of K') before a specimen 


will fail by web buckling. 


Next, substitution of the results of Method I 
(Equation 5.19) into Equation 5.20 will give a relationship 


between K* and P/Py: 


K' = 0.000111 [690 = 293.1 (P/Py) 0- 385 ]2 (5.21) 


Substitution of Fquation 5.21 into Equation 5.8 
should result in another expression to determine the maximum 
limit of web slenderness, provided a suitable value for a 
can be chosen. Perlynn and Kulak had % = 0.58 for all their 


specimens not failing by web buckling. © For the present 
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anvestigation, however, a varies, although it is equal to 
0.58 for all the specimens not failing by web buckling. 
Hence, it was decided to use a = 0.58, and see if the 
results would be meaningful. Assuming Op= 20558) EF = 29600 


ksi, and v = 0.3, this results in: 


h VFy = 690 [1.0 = 0.425 (P/Py) 0-385] (S222) 
W 


Note that this equation is identical to Equation 
5.19, hence both methods yield the same result. This 
expression is thought to be a reasonable estimate of maximum 
web slenderness for non=compact beam-columns. The plot of 
this expression along with the test specimens is shown in 


PLiguLe 15. 12. 
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In spite of the difficulty of reducing the data 
obtained from specimen 2, which had a difficult failure 
mechanism to interpret, the analyses did indicate a 
reasonable prediction of the expected limit of simultaneous 


web and flange buckling. 


Because the curve for K' vs h YFy corresponded to 


= 


that of Perlynn and Kulak's(€5), which in itself utilized 
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data from four’ separate investigations, it was safe to 
assume that any points which plotted above this line failed 
by web buckling. This aided the analysis especially with 


regard to specimen 2, and substantiated the Opinion that 


this specimen failed by web buckling. 


Since the expressions for maximum web slenderness 
turned out to be identical using the two methods of 
analysis, it appears that a choice of o = 0.58 in Method II 
for specimens not failing by web buckling is justified. 
Indeed, if Equation 5.20 is substituted into Equation 5.8 
With))@ = 055875 Ve="0<.3peand ~bs=029600 ksi, 1 Equatione t5.8 
reduces to the trivial identity 0 = 0. Hence the results of 
Method I will always be the solution of Method II, provided 
® = 0.58. Therefore Perlynn and Kulak's conclusion of 
having web buckling invariably occurring before flange 
buckling or simultaneous web and flange buckling if a is 
greater than 0.58 seems to be extendable to the case of 


non-compact beam-columns. 


It should be noted that the curve determined by 
the analyses (Figure 5.12) appears to be Slightly 
unconservative in the region of P/Py = 0.15. In particular, 
it appears as if the curve is indicating that the limit for 
simultaneous web and flange failure is above a specimen 
known to have failed by web buckling. This is due to the 
shape of the curve used to predict simultaneous web and 


flange buckling (Figure 5.8). In this figure, the curve of 
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expected simultaneous web and flange failure is on the 
unconservative side of specimen 2. Since both methods of 
analysis utilized the results of this plot and Guts 
associated relationship (Equation 5.18), the results of the 
theoretical analyses will also appear unconservative in the 
region near specimen 2. The recommended design approximation 
should then be reduced slightly in this region to take care 


of this inconsistency. 


The two methods used in the analysis portion of 
this investigation yield what appears to be identical 
results. Although Method II appears to be similar to Method 
I and utilizes the results from Method I, it is essentially 


based upon Haaijer and Thurlimann's web buckling theory‘19), 


During the tests, it was noted that the greatest 
value of the ratio of the averaged maximum strain to the 
yield strain (€m/fy) at the web to compression flange 
junction was 2.5 (Specimen 6). It appears as if the 
compression flanges strained approximately the same amounts 
as those in Perlynn and Kulak's investigation. Since a is 
a function of the critical strain (&cr), and the amount of 
straining is reasonably consistent in both investigations, 
it appears as if using 4 = 0.58 can be justified by this 
consideration for this investigation, as it was used 
successfully by Perlynn and Kulak to _ predict the web 


slenderness limit for compact members. 
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It appears as though Haaijer and Thurlimann's(10) 
recommendation of a = 0.58 for uniform compression of web 
plates up to strain-hardening is also applicable to the case 
of compact and non-compact beam-columns subjected to axial 
load and moment which did not fail by web buckling. This is 
due to the behaviour of the material, because it yields in 
slip-bands€!7), Since the material cannot be at strains 
between the) yield strain  y,)and the strain at the start “of 
strain-hardening st (Figure 921), a = 0.58 appears to 
apply to any web where the yield strains have been 


surpassed. 


The maximum value of the strain ratio (&m/£y) at 
approximately h/4 of the web was 0.81 (Specimen 6). Hence 
the supposition that the y/h ratio would not be 
substantially affected by ignoring the effects of the yield 
stress having been attained at some location in the web 
seems to be justified. This ee because the web has not 
reached the yield stress closer than 0.4h, for the worst 
case, to the point where the total stress is zero. It also 
appears as if the web in non-compact beam=-columns does not 
have to be stocky enough to prevent failure until the yield 
stress has been surpassed to a depth of h/4, but rather toa 


depth of h/6 or h/8. 


At this point, it is useful to compare the 
analytical results with those expected when the specimen 


design was done, In Appendix I, the specimens were expected 
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to have a value of a of approximately 0.8, while in the 


analysis, the limit of web slenderness was shown to be 


a= %o = 0.58. This can be resolved by taking a closer look 
at the equations used for these calculations. In general, 


the equations have the following form: 


xX 
VFy = C [1.0 = D(P/Py) 9-385] (5.25) 


where x = 0.5 if Perlynn and Kulak's approximation for K' vs 
h YFy is used (Equation 5.13), and x = 1.0 if Equation 5.20 
Ww 
is used. 

When the specimen design was done, Perlynn and 
Kulak's equation was used, where C = 690 and 750, D = 0.695, 


ands x '=1<0), > a ithisiwvalue cof Mmled ito "the. prediction tole a 


being approximately equal to 0.8. 


The analysis, however, indicates that a close 
approximation to the same curve can be generated by using 
different values of Q and D, for a given value of x. 
Therefore, the apparent change in values of a between that 
expected and that obtained can be explained by noting that 
the value of D in Equation 5.23 varies for the two 


investigations, for a consistent use of either Equation 5.13 
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tt is useful to note that the differences in 
slenderness rerhnealye) between P/Py = 0 and AP/Py) =) seis 
approximately the same for both compact and non-compact 
beam=columns (Figure 5.10). This difference is approximately 


280 and can be expressed mathematically by: 
CD = 280 (5.24) 


The constants cC and D are thus related and seem to be 


reasonably independent of flange slenderness. 


-Hence, it appears possible that any flange 
cross-section (plastic design, compact, non-compact, or 
other) can have the appropriate web slenderness limit 
calculated by using Equation 5.23, provided the value of C 
has been established front an appropriate beam test, and D 
has been obtained from Equation 5.24. Therefore, once the 
flange slenderness has been chosen on the basis of the 
desired amount of rotation, it should be possible to predict 


any beam-column web slenderness limit by this procedure. 
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®From Holtz and Kulak(11) 
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IDEALIZED BEHAVIOR 
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ACTUAL BEHAVIOR 
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IDEALIZED STRESS“-STRAIN DIAGRAM 
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FIGURE 5.2 


PLATE BUCKLING MODEL 
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FIGURE 5.3 
PLATE COEFFICIENT OF FULLY PLASTIFIED WIDE=-FLANGE 
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THE THEORETICAL LIMIT OF WEB SLENDERNESS FOR COMPACT MEMBERS 
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ACTUAL STRESS DISTRIBUTION INCLUDING RESIDUAL STRESSES 
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FIGURE 5.6 


TYPICAL RESIDUAL STRESSES FOR ROLLED AND WELDED MEMBERS 
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y/h AS A FUNCTION OF P/Py (COMPACT AND NON=COMPACT) 
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THE THEORETICAL COMPACT AND NONCOMPACT 


BEAM-COLUMN WEB SLENDERNESS LIMITATIONS 
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ALPHA AS A FUNCTION OF hVvFy 
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CHAPTER VI 


SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 


6.1_ Summary 


In order to determine whether or not the web 
slenderness limits for non-compact beam=columns could be 
revised upwards, a total of six specimens were tested. All 
of the specimens had flanges proportioned such that the CSA 
Standard S16-1969 specification for non-compact flanges was 
just satisfied, and had webs that were more slender than 
permitted by the current $16.1 and $16.2 standards. Two 
tests were conducted at each of three P/Py ratios, to 


encompass a wide range of beam-column design. 


The deflections, rotations, loads, and strain 
gauge readings were all taken by a minicomputer serving as a 
data acquisition device. These data were then used to 
evaluate the specimen behaviour, including the determination 
of which plate element of the specimens buckled first, 


causing specimen failure. 


The specimens failed by web buckling, flange 
buckling, or a combination of both. Failure itself is caused 


by the first plate to deflect significantly. 


In two of the three test series at the different 
P/Py ratios, the more slender specimen of the two failed at 
a lower Mu/My ratio than did the stockier section. However, 
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for the specimens tested at P/Py = 0.15, the more slender 
specimen failed at a higher Mu/My ratio than the stockier 


section. This discrepancy has not been resolved. 


The two web buckling theories previously developed 
for compact beam=-columns(5) were re-developed, using the 
results of the present investigation. The theories, allowing 
for the differences between compact and non-compact members, 
adequately describe both types of beam=-column behaviour. 
Furthermore, some of the conclusions previously postulated 


for compact members were extended to non-compact members. 


A generalized web buckling theory has been 
developed which makes it possible to determine any 
beam-column web slenderness limit, provided the maximum web 
slenderness is known for a beam with the same flange 


proportions. 


-2_ Conclusions 


The main conclusion that this investigation has 
brought forward is that the web slenderness of non-compact 
beam=-columns ma y be relaxed significantly. Hence, 


non-compact members will be used more efficiently in the 


future. 


An important theoretical conclusion relates to the 


earlier work of Perlynn and Kulak in which it was noted 
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that, for compact beam=-columns, if ©, the plate buckling 
modulus, is greater than 0.58, web buckling will invariably 
occur before flange buckling or simultaneous web and flange 
buckling. This investigation has shown that this conclusion 
is also valid for non-compact members. Extending this 
conclusion, if a specimen has not failed by local buckling 
when the strain (ineluding the residual strain) at any point 
in the web has reached the yield strain, it appears that it 
Will not fail by web buckling. This is equivalent to 
defining “%o as the value of oa at the first occurrence of 


yielding. 


Another conclusion of interest is the apparent 
lack of effect the specimen's proportions have on the 
revised plate buckling coefficient, K*'. For six separate 
studies, four of which were considered by Perlynn and Kulak, 
and the other two in this investigation, all indicated that 
specimens failing by web buckling plotted erratically above 
a smooth curve formed by joining the points plotted for the 
specimens failing by simultaneous web and flange buckling or 
flange buckling. This smooth curve is another representation 
of the straight line corresponding to a = 0.58 in Figure 
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Since it has been determined that the web 
slenderness limits of non-compact beam=-columns may be 
increased, it remains to alter the theoretical result, 
(Equation 5.22), such that it may be easily used for design 


purposes. This equation is: 


h /Fy = 690 [1 = 0.425 (P/Py)°-385] (6.1) 
W 


AS previously noted, it is considered that this curve is 
Slightly unconservative in the region of specimen 2. This 
will be taken into account, in proposing a limitation 


suitable for design use. 


To maintain continuity between this investigation 
and the previous design approximations, a bi-linear design 


approximation will be proposed. This approximation is: 
For 0) <P7Py = 015, 


ay, 


h 690 [1 = 1.69 (P/Py) ] (6.2) 
WwW 


For uO. 1) 2/7 Py a lace 


YPy = 5S5e (al eoeeoe cane / Rye (6.3) 
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It is hoped that equations of this kind, based on 
this investigation, will be incorporated into future 
building standards. These equations, along with the 
theoretical limit, (Equation 6.1), and the present web 
Slenderness limitations for non=compact beam=columns are 


shown in Figure 6.1. 
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FIGURE 6.1 


THE BI-LINEAR DESIGN APPROXIMATION 
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NOMENCLATURE 


constant 

total specimen area 

specimen web area 

width of flange 

constant 

constant 

maximum beam web slenderness for a given 
slenderness 

constant 

EFI/(1 - ve) for idealized plate buckling model 
Ex/(1 = YxVy) 

By a~ Ox ou) 

VyDx 

VxDy 


eccentricity of eccentric load (P5) 


flange 


Young's Modulus = 30000 ksi for Perlynn and Kulak‘5) 


Young's Modulus = 29600 ksi for present investigation 


Young's Modulus in x-direction 

Young's Modulus in y-direction 

44.33 ksi = yield stress of web material 
tangent shear modulus 

width of plate in plate buckling model 
height of web 

total height of specimen = 2t + h 


(Dx + Dy + 4UGt) /2 
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moment of inertia 

Timoshenko's(2) plate buckling coefficient 

Haaijer and Thurlimann's(10) plate buckling 
coefficient for a fully=-plastified wide-flange section 
modified plate buckling coefficient taken from 
beam-column tests 

length of plate in plate buckling model 

moment per unit Lengthereguired for a unit rotation 
for plate buckling model 

applied moment = PHen eS 

plastic moment (reduced for axial load) 

yield moment (reduced for axial load) 

ultimate moment held by specimen 

2(2pr= SayA(Op (Sp2 t= 01 ))) 

applied axial load = Pj + P9 

concentric load applied by testing machine 

eccentric load applied by eccentric load jack 

Fy X A = specimen yield load 

thickness of flange 

plate mid-point deflection in plate buckling model 
thickness of plate in plate buckling model 

thickness of specimen webs 

constant 

Cartesian coordinate 


Cartesian coordinate 
distance to neutral axis from compression side of web 


distance to neutral axis of fully-plastified 
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wide-flange section from compression edge of web 

plate buckling modulus 

0.58 = alpha at the first occurrence of yielding 

alpha at the point of strain=hardening 

YOy/°p = alpha at the proportional limit 

B/AK = Mh/2DyI = coefficient of restraint against 
rotation 

maximum initial web deflection 

maximum strong-axis deflection of specimen at Mu 
maximum strain in web when the ultimate moment is 
reached 

maximum compressive strain in web 

maximum compressive strain in flange 

strain at the beginning of the strain-hardening range 
as known on a stress-strain diagram 

yield strain of web plate material 

maximum stress in web when ultimate moment is reached 
(not greater than ‘y) 

Oy = Sr = stress at proportional limit 

15 ksi = maximum compressive residual stress in web 
uniform compressive stress applied to edge of plate 
elastically restrained against rotation along the 
unloaded edges 

44,33 ksi = Fy 

0.3 = Poisson's ratio for steel 

Poisson's ratio in the x-direction 


Poisson's ratio in the y-direction 
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APPENDIX I 


DESIGN OF THE TEST SPECIMENS 


It was decided, that because of the availability 
of test results for compact beam-columns(5), and test 
results for non-compact beams(11), testing two specimens at 
each of three different P/Py ratios would be sufficient to 
closely determine the maximum web slenderness limits for 


non-compact beam=-columns. 


The test results for the non-compact beams 
provided a means for estimating the maximum web slenderness 
ratio. This was done by determining the value of a from 
Perlynn and Kulak's(S) Fquation 5.16 corresponding to the 


non-compact beam results. This equation is: 


ary hah ya). eee 0 eee (A1.1) 
100w 1 = 0.695 (P/Py) 0- 3846 
For P/Py = 0, Equation A1.1 becomes: 
a = 0.001114 h/Fy (A1.2) 


W 


Substituting Holtz and Kulak's test result for 


non-compact beams of h vFy = 6910 “Sin “Squation All w2e eyelids 
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=> 


ao = 0.77. This is the same value recommended by Haaijer and 
Thurlimann!0) to guarantee that web buckling will not occur 


for plates uniformly compressed up to the yield stress. 


Having this value gives a reasonable indication of 
where the limit of web buckling might be. However, it was 
expected that the value of g would be somewhat higher than 
this for the case of non-compact beam=-columns because of the 
effects of residual stresses, and the fact that not all the 
web is subjected to the yield stress. Somewhat arbitrarily, 
a value of h /Fy = 750 was chosen for P/P Ve ORC Oe Obtaa ne ad 
second ee of a. Using the same procedure as before 


Pcresaitsrin « = 0.64. 


By back=-substituting the value of a in Equation 
AVS, a wunigque relationship can be obtained for web 
slenderness as a function of P/Py. Figure A1.1 shows the two 


boundaries which are obtained by this procedure. 


It was considered that it would be useful to 
incorporate the compact beam-column test results into the 
specimen design, if possible€5). An inspection of those test 
specimens indicated that specimen BC=9 failed at 
M/Mpc = 0.9, or at about the yield moment. While the flanges 
of their specimens were compact, and so the test result 
could not be used directly for this investigation, this 
specimen was still of some interest because it failed by web 


buckling, and its slenderness was only slightly below that 
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of the curve corresponding to o = 0.77 at P/Py = 0.8. Hence 
it was decided to design three of the specimens to be below 
the curve a = 0.77 by the same amount as specimen BC=-9 was 
at P/Py = 0.8. Similarly, the other three Specimens were 
designed to be this amount above the curve corresponding to 
ao = 0.84. As mentioned in Chapter 3, it was hoped to gain 
some insight into beam-column behaviour in general, so the 
P/Py ratios chosen for the specimens were slightly different 
from those used in Perlynn and Kulak's testing program. In 
Enegend, SP/Pytratios ofe0.15710.378 anda 0ed, weresgused sata 
obtain results useful for a large range of beam-column 


design. 


Once the position of the specimens had _ been 
determined with respect to web slenderness and P/Py ratios, 
the actual design was done. It was decided to use 1/4 in. 
plate for the webs. This was considered to be a reasonable 
thickness; thicker plates would require using very large 
loads. for the tests, and thinner plates would be more 
affected by the residual stresses due to the welding of the 
flanges and mill rolling. It was also felt that thinner 
plates could have more pronounced out-of-straightness which 
could seriously affect the test results, particularly with 
respect to the critical buckling stress. Once the thickness 
was chosen, the value of "h" was determined, assuming the 


steel that the specimens would be fabricated from would have 


a yield stress of 44 ks1. 
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For the design of the flanges, the nominal yield 
stress waS again used. As with the web plates, it was 
possible to choose both the width and thickness of the 
flange plates as only the ratio is of concern in local 
buckling problems for usual plate proportions. It was 
decided to use plate slightly thicker than the plate for the 
webs, Mainly for the reason that in most. structural 
wide-flange shapes the web is usually thinner than the 
flanges. Again, because of loading criteria, relatively thin 
plate had to be used for the flanges. Flanges were 
proportioned so that the CSA S$16-1969 Standard was just 
satisfied for non-compact members. In mee way, the most 
critical flange proportion for this member classification 
would be tested. The final flange size was chosen to be 5/16 
in. -by 9-1/2 in. This corresponds to b/2t = 15.20 which is 
slightly over the allowable by $16-1969 of 100//Fy = 15.08 
for steel of yield strength 44ksi. The location of the 
specimens with respect to the curves corresponding to the 


two values of a are also shown in Figure A1.1. 
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O PROPOSED TEST SPECIMENS 


O PERLYNN AND KULAK (REF. 5) 


200 INDICATES PROBABLE LOCATION OF MAXIMUM 


SLENDERNESS LIMIT FOR NON - COMPACT 


BEAM- COLUMN WEBS 


0.2 


FIGURE A1.1 


LOCATION OF THE TEST SPECIMENS 
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APPENDIX If 


THE DEFLECTION MEASURING APPARATUS 
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This device made it possible to record many 
readings over a short period of time and store them for 
Later —processing. As a result, it was possible to plot 
accurate deflections of the web and the compression flange 
for a number of load increments. This in turn made the 
process of determining which plate element buckled first 
easier to do, and minimized the possibility of data 


misinterpretation. 


2_The Trolley 


The apparatus itself was moved up and down by a 
motorized trolley (Figure 3.6). The trolley travelled about 
one inch per second, and was designed to follow the edge of 
the specimen's tension flange in such a way that the tension 
flange could he considered as datum for the positions of the 
grid points of the web. Because the tension flange was 
considered as datum, this provided a means for measuring 


compression flange deflections. The trolley was moved by a 


motor powering a drive gear along a gear rack which was 


fastened to the ends of the tension flange by two special 


clamps. Because of the stud used for lateral (weak=axis) 
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bracing, Ate was necessary to put four wheels along the side 
ofe thes trolley) totikeepfit: in proper position with respect to 
the edge of the tension flange. Two of these ran against the 
edge of the flange and the other two ran against a bar 
suspended between the same flange clamps as the gear rack. 
This system provided a means of preventing the trolley from. 
creeping off the edge of the flange. To maintain proper 
tracking of the gear rack, the motor and drive gear were 
mounted on a plate sliding in a dovetail groove, with a 
wheel also mounted on the opposite side of the rack so as to 
keep the gear rack and drive gear properly meshed. This 
setup also allowed for rack deflections, as the dovetail 


plate was spring loaded. 


In order to keep track of the vertical position of 
the trolley, it was fitted with a ten-turn potentiometer 
which was attached to one of the wheels running along the 
edge of the flange (Figure 3.6). The voltage across the 
potentiometer changed as the trolley moved, and the 
resulting analog signal was used by the minicomputer to 
sense where the trolley was, and, hence, when it was 
correctly positioned to take a reading. The trolley was also 
equipped with microswitches at both ends which touched 
spring loaded bumpers mounted on the tension flange clamps 


and prevented the apparatus from running off the ends of the 


specimen. 
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The trolley also carried the side-rack on which 
the deflection measuring apparatus was mounted. After one 
vertical set of readings, the apparatus was moved over to 
the next position manually and the next vertical String +tos& 
readings taken. After measurement of the web was completed, 
the apparatus was turned 90° on a bracket mounted on the 
side rack and the compression flange readings were taken 


(Figure 3.7). 


The apparatus itself operates on an optical 
feedback system. A light powered by a well-filtered power 
supply is housed along with a photocell in a container at 
the end of a flexible tube containing many strands of fiber 
optics. The light is positioned such that about 85% of the 
strands are able to transmit the light. The other 15% of the 


strands are used for the photocell. 


The principle of operation is to shine a light via 
the fiber optics onto the surface being measured. Depending 
upon the reflectivity of the surface and on the angle 
between the probe and the surface, some light is reflected 
back up the tube in the 15% of the fiber optics connected to 
the photocell. The output of the photocell varies as the 
amount of light which strikes it varies. This output is 


amplified and modified by an electronic circuit to control 
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the motor of the apparatus. The motor Operates so as to 
correct for the reading of the photocell in such a way that 
an initial predetermined analog signal is maintained (Figure 
A2.1). This predetermined reading takes the form of deciding 
on a suitable distance for the probe to run above the 
surface it is measuring before any readings are taken. The 
correction is automatically made by means of a motor moving 
the probe either closer or farther away from the surface 
being measured. Hence the probe appears as if it is keeping 
the Same distance between it ri the surface it is 


following. 


The portion of the flexible tubing doing the 
actual movement over the deflected surface is housed ina 


small pipe to make it rigid. 


The shaft of the motor is connected so as to both 
move the probe and turn a potentiometer over which a 
regulated voltage is maintained. This potentiometer acts as 
a voltage divider and the resulting change in voltage from 


it was used to determine the deflections. 


The initial probe height, and hence the initial 
photocell reading, was adjusted beforehand along with the 
damping of the probe, and its sensitivity. Because flat 
white paint proved to be jdeal for making these adjustments, 
and for reflecting a reasonable but not excessive amount of 


light, the specimens were painted on the side the 
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measurements were taken before the tests were performed. All 
readings were read into storage by the minicomputer for 


later processing. 
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BLOCK DIAGRAM OF DEFLECTION MEASURING DEVICE 
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